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ADVABCE 

Wf%D-TUEE?EL QIBRATI ON 

FOR AERONAUTICS 

REPORT 

TESTS OF 

DUAL-EOTAT XRTG PROPELLERS 

By Wason Y, Mil le r  

V i b r a t i o n  t e s t s  of  s i x-  an6 e i g h t- b l a d e  t r a c t o r  a.nd 
seven-  and e i g h t- b l a d e  p n s h e r  d u a l - r o t a t i n g  p r o p e l l e r s  
were  conduc ted  i n  t h e  Lang ley  he rno r i a l  Aeronaut  i c e 1  Lab- 
oratory 16- foot  high-speed t u n n e l  c h i e f l y  t o  d e t e r m l n e  
t h e  s e v e r i t y  o f  v i b r a , t i o n s  e x c i t e d  by  b l a d e  passages, A 
p u s h e r  i l es ign  w i t h  8 wing l o c a t e d  ahead  of  t h e  p r o 3 e l l e r s  
and d i s p l a c e d  50  p s r c e n t  o f  t h e  ppsopel ler  r a d i u s  below 
t h r u s t- a x i s  ?.eve1 was s imulatecl,  Measurements  o f  v i b r a t o r y  
s t r e s s e s  o f  t h e  p rope l l en ' s  were made f o r  engine- speed  r a n g e s  
a t  low,  i n t e r r n e d i a l e ,  a n d  h i g h  e n g i n e  powers ,  

Few p r o p e l l e r  v i b r a t i o n s  causei: by b l a d e  p a s s a g e s  w e r e  
d e t e c t e d ;  t h o s e  v i b r a t i o n s  found  were n o t  s e r i o u s .  A l though  
t h e r e  were i n d i c a t i o n s  o f  v i 3 r a C i o n s  e x c i t e d  by t h e  wing, 
t h e  v i 3 x a t o r y  s t r e s s e s  generally were at s a t i s f a c t o r i l y  l o w  
l e v e l s ,  The responses of t h e  f r o a t  and  t h e  reer b l a d e s  t o  
e n g i n e  e x c i t a f i o n  were s i m i l a r ;  t h e  stresses o f  t a o  r e a r  
b l ades  were g e n e r a l l y  h i g h h ~ ' ,  probably b e c a u s e  t h e  r e a r  pro-  
p e l l e r  weds m o r e  rigidly c o u 2 l e d  t o  t h e  e n g i n e  t h a n  t h e  fron2; 
p r o p e l l e r ,  Scme i n d i c a t i o s s  o f  v i b r a t i o n s  e x c i t e d  by 
p r o p e l l e r- s h a f t  w h i r l  cazaeik  k x  gas f o r c e s  were  found ,  The 
e n g i n e- e x c i t e d  v i b r a t o r y  s t r e s s e s  i n c r e a s e d  w i t h  e n g i n e  b r a k e  
mean e f f e c t i v e  p r e s s u r e  aad  somet taes reached h i g h  v a l u e s ,  

I t  was a n t i c i p a t e d  that d u a l- r o t a t i n g  p r o p e l l e r s  would 
be  s u b j e c t  t o  v i b r s . t f . o n s  e x c i t e d  a e r o d p a a m i c a l l y  by b l a d e  
p a s s a g e s ,  Because r e a c t i o n l a s s  types o f  v i b r a t i o n  f o r  cer-  
t a i n  d u a l - r g t a t i a g  p r o p e l l e r s  can occur w i t h  t h i s  e x c i t a t i o n ,  
i t  vas expoeted t h a t  sop% o f  t h e  vibrations c o u l d  be s e r i o u s ,  
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I t  w a s  a n t i c i p a t e d  t h a t  d u a l- r o t a t i n g  p r o p e l l e r s  would 
be  s u b j e c t  t o  v i b r a t i o n s  e x c i t e d  a e r o d y n a m i c a l l y  by b l a d e  
p a s s a g e s ,  Because  r e a c t i o n l e s s  t y p e s  of b i b r a t i o n  f o r  
c e r t a i n  d u a l- r o t a t i n g  p y o p e l l e r s  can  occu r  w i t h  t h i s  exci-  
t a t i o n ,  i t  was e x p e c t e d  t h a t  sowe of t h e  v i b r a t i o n s  could 
be s e r i o u s ,  

Al though p r e v i o u s  t o r c u e- s t a n d  t e s t s  i n d i c a t e  t h a t  vi- 
b r a t i o n s  e x c i t e d  by 'blads passa ,ges  a r e  n o t  s e r i o u s ,  i t  was 
d e c i d e d  t o  p s r fo rm c2 s a r i c r  of t e s t s  w i t h  g r o u n d- a d j u s t a b l e  
propellers i n  a wind t u n n e l  where  n o t  o n l y  a h i g h  a i r s p e e d  
c a n  be a l ; t a i n e &  b u t  a l s o  t h e  airspeen can  be v a r i e d  t o  h o l d  
t h e  e n g i n e  b r a k c  mcan e f f e c t i v a  p r e s s u r e  c o n s t a n t  o v e r  a 
wide ra,nge o f  e B g i n e  s p e e d ,  

V i b r a t i o n  t e s b s  were c o n d u c t e d  i n  t h e  LMAI, 36- foot h i g &  
s p e e d  t u n n e l ,  Six- a n 3  e i g h t- b f a d e  dsaal-rotat i n g  p r o p e l l e r s  
were  o p e r a t e d  as  , t r a c t o r s ,  and seven-  and e i g h t- b l a d e  duB1- 
r o t a t i n g  p r o p e l l e r s  were  operatYed as p u s h e r s ;  t h e  pusher con- 
d i t i o n  was s i l i l u l a t ed  by mount ing  a f u l l - s c a l e  wing a h e a d  o f  
t h e  p r o 9 e l l e r s .  kea , su reae r i t s  o f  p T o p e 1 l e r  stress were made 
f o r  engine-si2esd rar,g:es a t  low, i n t e r m e d i a t e ,  and  h i g h  e n g i n e  
powers, with a r a n g e  of a i r s p e e d s  up t o  280 m i l e s  per hour ,  

The v i b r a t i o n  s t a f f s  o f  Earnixton S t a n d a r d  P r o p e l l e r s  
and  t h e  Cur t i s s- Wrigh t  C o r p o r a t i o n  P r o p e l l e r  D i v i s i o n  ao l -  
l a b o r a t a d  I n  c o n d u c t i n g  t h e  t e s t s  and  i n  a n a l y z i n g  t h e  
r e c o r d s .  

GENERAL DISCUSS1 OX OF PROPELLER VXBRATI OXS 

Nodes o f  v ibrat!one-  A p r o p e l l e r  blade may v i b r a t e  i n  
any  one o f  s e v e r a l  modes; examples  o f  mode s h a p e s  a re  g i v e n  
i n  f i g u r e  1, Ehe  a i r - o l a n e  e n g i n e  e n f o r c e s  a node a t  t h e  
p r o p e l l e r  c e n t e r ,  a l t h o u g h  t h e  c e n t e r  mag a c t u a l l y  have  a n  
a m p l i t u d e  02 d i s p l a c z m c n t  o f  t h e  order o f  t h o u s a n d t h s  of  a n  
i a c h ,  The a o p l i t u d e s  o f  t h e  t i p s  a r e  of t h e  o r d e r  o f  t e n t h s  
o f  an  i n c h ,  If t 3 o  node e n f o r c e d  b y  t h e  e n g i n e  i s  n o t  c o u n t e d ,  
thc namber of  nodes  f o r  f i s u r e  1 i s  m - I, where m i s  t h e  
number of t h e  mode ,  Tho v i b r a t o r y  f r e q u e n c y  i n c r e a s e s  some- 
what wi.bh %!io nui-;iber o f  t h a  no2.e. The f r e q u e n c i e s  o f  t h e  
v a r i o u s  modss  o f  a b l a d a  may b e  d e t e r m i n e d  by v i b r a t i n g  t h e  
b l a d e  w i t h  s o m e  d r i v i n g  o s c i l l a t o r ,  If t h e  damping o f  t h e  

* 

r 



b l a d e  i s  v e r y  sma l i ,  t h e  f r e q u e n c y  f o r  a maximum r e s p o n s e  
i s  a n a t u r a l  f r e q r t e r c y  o f  v i b r a t i a n ;  w h e r e a s ,  i f  t h e  daap- 
i n g  i s  a p p r e c i a b l e ,  t h e  f r equ i tncy  f o r  maximum r e s p o n s e  i s  

0 soiiiewhat l e s s  than t h e  n a t u r a l  f r e q u e n c y .  C e n t r i S u g a l  
0, f o r c e  i r z s r eases  t h e  n a t u r G 1  f r e q u e n c i e s  f o r  t h e  v a r i o u s  
4 

1 
il nodo e n f o r c e d  by t h e  eng3.m ( r e f e r e n c e  1). The nodes  can 

nodes a.nd s h i f t s  t h e  p o s f t i o a s  of all t h e  nodes  e x c e p t  t h e  

also be shifted- b y  chaxlgfag the % l a d e  aigle o f  t h e  p r o p e l-  
l e r ,  The s h i f t  o f   ode p o s i t i o n s  can b e  s e v e r c l  I n c h e s .  

-2 Tyees o f  ----------------a v i b r a t i o n  - A p r o p e l l o r  v i b r a t i o n  may 'be 
f l a t w i s e ,  cdgsw:.se, o r  t ; o r s i o n a l .  SL v i b r a t i o n  i s  COG- 

s i d c r e d  f l a t w i s e  ii' t h e  . T i b r a t o r y  mo t ions  02 t h e  s e c t i o n s  
o f  t k - e  b l z d e  a r e  prir:,ari?-y fr, a d - i r e c t i o n  p e r p e n d i c u l a r  t o  
t h e  I i a d e  cko:rds. F o r  ar, edgewise  v i b r a t i o n ,  t h e  mot ions  
o f  t h e  blade s c c t i o v s  n e a r  t h e  s h a n k  are p r i m n r i l y  a l o n g  
t h e  blade c h o r d s ,  v k I l e  the a o t f o ~ s  near  t h e  t i p s  a r e  m o r e  
flat ,wise. T h z  r f l a t i ~ i s e  r r o t t o a  o f  t h e  t i p s  f o r  a n  edgewise 
r e s o n a n c e  o c c u r s  b a c e u s a  o f  t h e  31~1,d.a t w i s t  . Exper imen t s  
show t h a t ,  i f  t h o  n z t u r a l  f r e q u e n c y  f o r  oae  o f  t h e  h i g h e r  
f l a t v i i s c  n o d e s  i s  near t!,e natural, frcqixer,cy f G r  t h e  f i r s t  
edgewise  raodo, tkc :~ io . i ; i~ng  i3.~ta,r t h e  blade t i p  d u r i n g  edgo- 
w i se  reaorra .nc3 a r e  d e  2 I a t w i : ; o  th3.i; i t  i s  d i f f i c u l t  t o  t e l l  
f r o n  t h e  s t ;oss  dis t r ib , ;b;on a l o n g  t h e  b l a d e  wh.ether t h o  
v i b r a t i o i :  is  i l a t w i s c :  O F  c d g e v i s c  ( r o f e r e n c o  2 ) .  The s t r e s s  
d i  s G r  i b a t  i on a r  ound t k e  ';la &e shsn!;, however , shows which 
v i b r c l t i o n  i s  occu-x ' ing.  I 'hs  , l a d o  m o t i o n  f o r  oegewise  
r e s o n a n c r  p e n e x a l l y  i s  pLLck i  that t h e  t w o  n a x i n u x - s t r e s s  
p o s i t i o n s  on 1-hc shank  c i c  ir, line w i t h  t h e  load i r , g  edge 
a n d  the t r a i l i n g  zugo o.t appro: , imri tc ly  th ree- four ths  t h e  
p r o p e l l o r  racLiu-s. T ' I ~  ~~as i rnu rn - s t r e s s  p o s i t i o n s  f o r  P l a t -  
w i s e  r e s o c a n c e  2 t - c  shiftecn. 90" f r o 2  t h e  maximum- stress 
p o s i t i o a s  f o r  edgewise  r c s c n a , r c e .  F o r  t o r s i o n a l  v i b r a t i o n  
o f  a bZ , d e ,  t h a  b l a d e  t v i s t s  p p r i o d i c a l l g  a b o u t  a l o n g b -  
6 u d i h a l  a x i s  s r i t h i r  t h e  'c.t.ads, The f r e q u e n c y  of  t h i s  
v i b r a t i o n  i s  re I .a t J ive ly  h i g h ,  however ,  a n d  o n l y  t h e  funda-  
m e n t a l  m0d.e i s  e v e r  enco i in t e r ed .  T h i s  v i l j r a t  i o n  occurtj  
i n f r e q u e n k l y  i n  cDmyarison wi5h f n o  f l a t w i s e  a n d  edgewise  
v i b r a t  i O ~ E .  

-- S t r e s s  d L s t r i 5 u t i o n  -".-.....-- ----------."-.----- o n  b.h,iie.- T o r  f l a t w i s e  v i b r a t i o n ,  
t h e  m a x i a m- s t r e s s  p o s i t i o n s  a I .ong  t h e  blacZe c o r r e s p o n d  t o  
t h e  pasz i t i ons  of' n~-~- im.xi i  c / p  where c i s  t h e  p e r p e a a i c u l a r  
d i s t a n c e  o f  t h e  ext rern3  f i b e r  f r o m  t h e  n e u t r a l  a x i s  and p 
i s  t1,e rv,(;Lius of curyratilre of t h e  neut ra l .  a x i s .  F a r  the 
f i r s t  m 0 4 - 0 ,  t h e  minimum r e d i u s  of ciirvatuure i s  somewhere near 
t h e  g r q e l l e s  hub ( f i g .  I.}; w h s r e a s ,  f o r  t h e  h i g h e r  modes t h e  
p o s i t i o n s  GZ" &?ininurn r a d i u s  o f  c u r v a t u r e  a r e  be tween  t h e  nodes ,  
F o r  ;1, <jVerL b l n d e  s e c t i o n ,  rna:cinu,xi c o c c u r s  a t  nrxiriium l j l ade  
th icEizess  . 



4 

For e d g e w i s e  r e s o n a n c e  t h e  p o s i t i o n s  o f  maximurn se ress  
a g a i n  corres-cond t o  positfons of lilaxim1zm c /p ,  For t h i s  
v i h r e t i o n ,  howe?.~er ,  c 2 s  n o t  gene r s l t l y  a maximum a t  maxi- 
mua b laae  t h + . ? l r n e s s ,  S e e o u s a  t h e  m o t i o n s  o f  t h e  b l a d e  sec- 
t i o n s  a r e  m o r e  edgewlee, 

For f l . s t w i s e  and edgewi.se v i 5 r t i t  i o n ,  t h e  d i s t r 4 b u t i o n  
of s u r f u c s - f i b e r  s t r e s s  a r o u n d  t h e  p ro?e l? . e r  shank  is Binus- 
oidal St?c~v .se  t h e  p e r p e r d f c u !  r r  d S.Etartco of t h e  s u r f a c e  
f i b e r  f r o m  t h e  n e u t r a l  axis o f  t h s  v i b r a t i o n  cons id .e red  
v a r i e s  s i n u s c i d a L l g  i n  a circu1.a.r sec t ;  i o n ,  

?he  c l a s s i f i c a t i o n  0 2  v i b r a t i a n s  g i v e n  i s  a c a d e m i c ;  a 
p r0pe l . l e s  v i ' b r ,b t ion  i s  f r e q ~ e n t l y  a c o m b i n a t i o n  o f  two classes 
and quite f e a s i b l y  c a n  b e  a c o m S i a a t i o n  o f  all t h r e e  classes, 

I t  i s  e v i d a n t  t ha t  t h e  reactionless vibration r e c e i v e s  
i t s  e x c i t a t i o n  from aerodynamic  f o r c e s  i n s t e a d  o f  f r o m  
e n g i n e  f o T ( ; t s ,  Because  an nna l$s i s  s h o w s  t h a t  r e a c t i o n -  
l e s s  v i b r a t i o n s  o f  a i c ~ l s - r ~ t a t ~ f n g  g r o p e l l e r s  can occur f o r  
a11 f r e q u e n c i e s  ct'ilsr k h a n  1, k3, s i r 1  k3 +l Qimes pro- 
pe11E.r speed, where k i s  aay i n t z g e r  azid J3 i s  t h e  number 
o f  ble3tes, i t  is obsorve ' t  t h a t  a p r o y e l l e r  rnust have more 
than  t h ~ e c  blLxdcs L o  ~ i S r a i e  Ln a r d n c t i u q l e s s  rnemner, 
( S e e  re?e : rence  3 J  As w-I. '~.  b o  s e e n  l a t a r ,  r e a c t i o n l e s s  
v i b r a t i o n s  bstween p r o p t i l l e r s  of  a d u a l - r o t a t i n g  u n i t  c a n  

c 



5 

o c c u r  a t  f r e q u e n c i e s  o f  kB t i m a s  t h e  p r o p e l l e r  speed,  if 
t h e  two p r o p e l l e r s  have equal numbers o f  b l a d e s ,  

,&-,4,,----,,-,*- Dct  2 r m i n a t i o n  09 a ~ $ a , 9 , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ . -  The 
tn n a t u r a l  f r e q u e n c i e s  f o r  a n o n r o t a t i n g  p r o p e l l e r  can  be  0 
-_ measured  by v i b r a t i i i g  t h e  blades and t a k i n g  o s c i l l o g r a p h  

r e c o r d s  of. g t r a i n ,  u s i n g  e l e c t r i c a l  s t r a i n  gages f o r  f 
A 

p i c k u p s ;  t h e  f r e q u e n c i e s  of t h e  s t r a i n  v a r i a t i o n s  c a n  be 
a c c u r a t e l y  d s t e s m i n e d  by coabparing t h e  t r a c e s  o f  s t r a i n s  
w i t h  a t r a c e  p r o d u c e d  ’by a n  accurately c a l i b r a t e d  e l e c t r i -  
c a l l y  e x c i t e d  t u n i n g  f o r k ,  The modaa can ‘be d i s t i n g u i s h e d  
from each o t h e r  by t h e  r e c o r d s  showing s t r a i n  f i i s t r i b u t i o n  
a l o n g  t h e  blade, The records s h o w i n g  s t r a i n  d i s t r i b u t i o n  
around. t h e  shaak can be used L o  d i s t i n g u i s h  between flatwise 
and edgewise  v i b r a t i o n s ,  Th,e 6 t a t i c  aa-t;tara-l f r e q u e n c i . e s  o f  
a p r o p e l l e r  a r e  a p p r e c i a b l y  a f f e c t e d  b3- t h e  l o o s e n e s s  o f  
b l a d e  r e t e n t i o n ,  I t  i s  t h e r e f  ore !  desirable when d e t e r m i n i n g  
t h e  s t a t i c  n a t u r a l  f r e q u e n c i e s  t o  have, a b l a d e  r e t e n t j - o n  
c o r r e s p o n d i n g  as n e a r l y  as p o s s i b l e  t o  t h e  r e t e n t  i o n  o b t a i n e d  
w i t h  p r o p e l l e r  r o t a t i o n .  

d 

The natural f r e q u e n c i e s  u s e d  f o r  e s t  imat $ng t h e  e n g i n e  
s p e e d  f o r  t h e  f i r s 3  t w o  c l a s s e s  o f  v i b r a t i o n  are o b t a i n e d  by 
v i b r a t i n g  t h e  b l a d e s  w i t h  8 rr ,eehanical  e x c i t e r ,  t h a t  is, a 
r o t a t i n g  u n b a l a n c e d  mass, mounted a t  t h e  p r o p e l l e r  hub, I f  
t h e  p r o p e l l e r  i s  suspended- w i t h  a n  e l a s t i c  s l i n g ,  t h e  n a t u r a l  
f r e q u e n c i e s  o f  t h e  p r o p e l l e r  p r o p e r  a r e  d e t e r m i n e d ;  t h e s e  
n a t u r a l  f r e q u e n c i e s  a r e  somewhat d i f i e r e n t  f r o n  t h o s e  d e t u r -  
mined with t h e  p r o p e l l e r  c o u p l e d  t o  t h e  ong ine ,  It i s  there-  
f o r e  d e s i p a b l o  t o  d c t e y m i n e  t h e  n0, lural  f r e q u e n c i e s  w i t h  t h e  
p r o p e l l e r  c o u p l e d  t c  t h e  e n g i n e  t h a t  i s  t o  d r i v e  the p r o p e l-  . 
l e r ,  

T h o  n a t u r a l  f r c q u a n c i e s  o f  r s a c t i o n l e s s  v i b r a t i o n s  c a n  
be .de tGrxinad  w i t h  a x c i t a ‘ t i o n  s u p p l i e d  ai; a b l a d e  t i p ,  The 
p r o p o 1 l : r  mag r e s t  on  i t s  hub,  which need not be restrained, 
becav.se f o r  a r e a c t i o a l e s s  vi’orat i o n  t h o  v i b r a t o r y  bend ing  
moments and t h e  f o r c a s  o f  t h a  v a r i o u s  blades c a n c e l  a t  t h e  
hub, F o r  r a a c t  i o n l i ? s s  v i b r a t i o n s  o f  d u a l - r o t a t i n g  combinB- 
t i o n s  composed o f  t w o  p r o p e l l s r s  each  f i a ~ f n g  fewer  t h a n  f o u r  
b l a d e s ,  t h e  s t a . t i c  f r e q u e n c i e s  are f’oun6, by m e a s u s i n g  t h o s e  
o f  a s i Q g l e - r o t a t i n g  f our- blade propeller h c v i n g  b l a d e s  o f  
t h e  salrte d e s i g n ,  

E s p e c i a l l y  for f l a t w i s e  v i b r a t i o n s  c f  soL5d b l a d e s ,  t h e  
p o s i t i o n s  Q P  ~inxPmum s t r e s s  w i t h  r o t a t i o n  c a n  be  d e t e r m i n e d  
fail13 w o l f  by f i n d t n g  t h e  p o s i t i o n s  w i t h  t h e  p r o p e l l e r  n o t  
r o t a t i n g  and t h a n  applying s u i t a b l e  c o r r e c t i o n s  f o r  c s n t r i f u -  
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g a l  f o r c e ,  I n  o r d e r  t o  d e t e r m i n e  t h e  maximum- stress pos i-  
t i o n s  f o r  a h o l l o w  s t e e l  b l a d e ,  r e c o r d s  f r o m  s t r a i n  g a g e s  
mounted a t  many p o s i t i o n s  on t h o  b l a d e  ase needed,  These  
r e c o r d s  a r e  n e c e s s a r y  SesaEse  t h e  f l e x u r a l  v i b r a t i o n  of  a 
h o l l o w  s t e e l  b;ade pro i iuces  a d iaphragm v i b r a t i o n !  t h a t  is, 
t h e  t x o  f a c e s  bend in a n 3  o u t  l i k e  t h e  head  of a drum, 
Soine g a g e s  a r e  mou,i+ed s r n n s ~ e r s e l y  on  t h e  h o l l o w  s t e e l  i? 

blades t9 r e c o r d  t h e  d i apnragm s t r e s s ,  .-  
1 

::3 
U-l 

i -  

__ C o r r e c t i o n  ___l_______l-_ o f  s t a t i c  f r e q u e n c i e s  .- --.....---- -I-- f o r  ---.- centriXugal-LQxGg.- - --- 
The s l r , t i c  n a t u r a l  f r e q u e n c i e s  o f  v i b r a t i o n  are c o r r e c t e d  
f o r  t h e  e f f e c t  o f  c e n t r i f u g a l  f o r c e  by u s i n g  t h e  a c c e p t e d  
f o r m u l a  ( r e f e r e n c e  1) 

f2 = f o 2  i. Kn" 

where 

s t a t i c  n a k u s a l  f r e q u e n c y  
fO 

K c o n s t a n t  f o r  a g i v e n  node o f  a g i v e n  p r o p e l l e r  

n p r o p e l l a r  speed  

f n a t u r a l  f r e q u e n c y  a t  that p r o p e l l e r  s p e e d ,  

The e f f e c t  o f  c e n t r i f u g a l  f o r c e  upon t h e  n a t u r a l  f r e q u e n c i e s  
o f  t h e  f i r s t  f l a t w i s e ,  t h e  second  f l a t w i s e ,  and t h e  f i r s t  
edgewise  modes of r e a c t i o n l e s s  v i ' b r a t i o n s  o f  a t y p i c a l  pro-  
p e l l e r  is shown i n  f i g u r e  2, The v a l u e s  of  X u s e d  f o r  
t h e s e  mod-es o f  t h i s  p r o p e l l e T  a r e  l , 7 ,  5 - 6 ,  and lv12, re-  
s p e c t i v e l y .  The s t a t i c  n a t u r a l  f r e q u e n c i e s  f o r  t h e  p r o p e l l e r  
r e p r c s a n t e d  by f i g u r e  2 were d e t e r m i n e d  w i t h  a 'b lade  r e t e n -  
t i o f i  c o r r e s p o n d i n g  as n e a r l y  as  p o s s i b l e  t o  t h e  r e t e n t i o n  
o b k a i a e d  w i t h  t h e  p r o p e l l e r  r o t a t i n g ,  The l i n e  l a b e l e d  6n 
r e p r e s s n t s  a f r e q u e n c y  o f  e x c i t a t i o n  o f  s i x  t i m e s  p r o p e l l e r  
s3eFcLI. such  a s  would. be e x p e c t e d  w i t h  b l a d e  i n t e r f e r e n c e s  of  
two t h P c c - b l a d e  p r o p e l l a r s  r o t a t i n g  i n  o p - p o z t t e  d i r e c t  i o n s ,  
The 9 ~ t l i s e c t i o n s  o f  t h e  l i n e  r e p r e s e n t i n g  t h e  e x c i t a t i o n  
freq.uezi.Tjr w i t h  t h e  l i n e s  r e p r e s e n t i n g  natural f r e q u e n c i e s  
y i e l d  ?;he s p e e d s  at w1ii.ch t h e  r e a c t i o n l e s s  v i b r a t i o n s  arb 
e x p e c t e d ,  

v-c&$ a b > 0% s , exc$t-zL. - ? -  ~bLad&!- ~as-$-a&%~ - PT op el 1 e r ~ 5 .  bra- 
t i o n s  can  be e x c i t e d  b ;~  t h e  p a s s a g e  o f  b l a d e s  t h r o u g h  r e g i o n s  
of  d i s t u r b e d  a i r  flow caused  by o b s t r a c t i n n s  ir, t 3 e  s i r  st7'eam 

J 



o r  by a n o t h e r  p r o p e l l e r ,  Dual- rotat i n g  p r o p e l l e r s  are 
s u b j e c t  t o  v i b r a t i o n s  c a u s e d  by t h e  p a s s a g e  o f  b l a d e s  o f  
one p r o p e l l e r  n e a r  t h e  b l a d e s  o f  t h e  o t h e r  p r o p e l l e r .  The 
t y p e  o f  p r o p e l l e r  v ibrre t  i o n  p roduced  by  b l ade- passage  ex- 

L a  c i t a t i o n  depends  upQn t h e  nurnbss o f  b l a d e s  o f  e a c h  o f  t h e  0 - -r t w o  p r o p e l l e r s  f o r m i n g  t h e  dual- rotat  i n g  u n i t ,  Blade-  
A p a s s n g e  e x c i t a t i o n  nay  p r o d u c e  a r a a c t i o n l e s s  v i b r a t i o n  o f  

a d u a l - r o t a t i n g  u n i t  composed o f  t w o  p r o p e l l e r s  h a v i n g  e q u a l  
numbers o f  b l a d s s ,  Because  t h e  e n g i n e  a b s b r b s  no e n e r g y  f r o m  
t h e  r e a c t  i o n l e s s  v i b r a t i o n  o f  t h e  d u a l - r o t a t i n g  p r o p e l l e r ,  t h e  
v i b r a t o r y  s t r e s s e s  a r e  l i m i t e d  only by ae rodynamic  damping, 
by h y s t e r e s i s  damping o f  t h e  b l a d e  m a t e r i a l ,  and  by damping 
p r o v i d e d  by E o t i o n  o f  t h e  b l a d e  shanks  i n  t h e i r  hub s o c k e t s ,  

A r e G c t i o n l c s s  t y p e  o f  v i b r a t i o n  f o r  a d u a l- r o t a t i n g  
p r o p e l l e r  cc2n o c c u r  with b l z d e  passages i n  a s l i g h t l y  d i f-  
f e r e n t  mannor f rom t h c t  f o r  a s i n g l e- r o t a t i n g  p r o p e l l e r ,  
F o r  t h e  r a a c t i o n l a s s  v i b r r t i o n  o f  t h e  d u a l- r o t a t i n g  u n i t  
cornposed o f  t w o  p rope3 , l e r s  h a v i n g  eqixal numbers of b l a d e s ,  
t h e  v i b r z t o r y  b o n d i n g  moments o f  t h e  s e v e r a l  b l a d e s  o f  e a c h  
p r o p e l l e r  c a n c e l  p,t t h e  rc t spee t ivc ,  s h n f t s  a n d  t h e  fore- and- 
a f t  v i b r a t o r y  f o r c e  a c t i n g  on t h c  s h a f t  o f  e a c h  o f  t h e  t w o  
p r o p c l l e r s  c a n c e l s  w i t h  t h a t  o f  t h o  c t h d r ;  t h i s  c a n c e l a t i o n  
o c c u ~ s  t h r o u g h  t h e  p r o p e l l e r  s h a f t s ,  t h e  r e v e r s i n g  g e a r ,  and 
t h e  t h r u s t  b a a r i n g ,  'ihe b l e d e s  o f  e i t h 2 . r  p r o p e l l e r  v i b r a t e  
i n  p h a s e  w i t h  one a n o t h e r ,  bu t  t h e  b l a d e s  o f  one p r o p e l l e r  
v i b r a t e  l8O0 o u t  02 p h a s e  w i t h  t h e  b l a d e s  of t h e  o t h e r  pro- 
p e l l e r ,  The v i b r a t i o n  f r e q u e n c i e s  o f  t h e  t w o  p r o p e l l e r s  a r e  
e q u a l  f o r  t h e  c a n c e l a t i o n  o f  hub f o r c e s ;  a n d  t h e  number of 
b l a d e  p a s s a g e s  e n c o u n t e r e d  B y  each  b l a d e  o f  one p r o p e l l e r  p e r  
p r o p e l l e r  r e v o l u t i o n  i s  e q u a l  t o  t w i c e  t h e  number o f  b l a d e s  
o f  t h e  o t h e r  p r o p e l l e r ,  b e c a u s e  t h e  t w o  p o r p e l l e i s s  r o t a t e  a t  
t h e  same speed  but i n  o p p o s i t e  d i r e c t i o n s ,  The v i b r a t i o n  o f  
a s i n g l e- r o t a t  i n g  g r o p e l l e r  ( o n e  o f  t h e  t w o  p r o p e l l e r s  f o r  
t h e  c a s e  o f  d u a l  r o t a t i o n }  a t  a f r e q u e n c y  equal  t o  p r o p e l l e r  
speed  t i m e s  a n  i n t e g r a l  mu l t i p l e  o f  t h e  iiumber o f  i t s  b l a d e s  
i s  a lways  a v i b r a t i o n  w i t h  no  r e s u l t a n t  v i b r a t o r y  moments b u t  
w i t h  a r e s u l t a n t  fore- and- af t  v i b r a t o r y  f o r c e  a c t i n g  011 t h o  
p r o p e l l e r  s h a f t ,  

If t h e  p r o p e l l e r s  f o r m i n g  t h e  dua l- ro t a t  i n g  u n i t  have  
u n e q u a l  numkers o f  b l e . d e s ,  each  % l a d e  o f  one p r o p e l l e r  of  
t h e  u n i t  e n c o u n t e r s  a number o f  b l a d e  p a s s a g e s  d i f f e r e n t  
f r o m  t h a t  e u c o u n t e r e d  by e a c h  b1a.d-e o f  t h e  o t h e r  p r o p e l l e r ,  
and t h e  f r o n t  p r o p e l l e r  t h e s e f o r e  v i b r a t e s  a t  a d i f f e r e n t  
f r e q u e n c y  f r o m  t h e  r e a r  p r o p e l l e r ,  With t h i s  dua.3-rotat  i n g  
p r o p e l l s r  h a v i n g  ail odd t o t a l  nnmber o f  b l a d e s ,  a r e a c t i o n-  
l e s s  v i b r a t i o n  o f  t h e  p r o p e l l e r  u n i t  may occu r  o n l y  wh5n b o t h  
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t h e  p r o p e l l e r s  f o r m i n g  t h e  d u a l - r o t a t i n g  u n i t  i n d i v i d u a l l y  
v i b r a t e  i n  a r e a c t i o n l e s s  manner ,  A seven- blade  dua l-  
r o t a t i n g  u n i t  composed of one t h r e e- b l a d e  and  one f o u r-  
b l a d e  p r o p e l l e r  d o e s  n o t  v i b r a t e  i n  a r e a c t i o n l e s s  mode 
w i t h  b l ade- passage  e x c i t a t i o n  b e c a u s e  a s i n g l e - r o t a t i n g  
p r o p e l l e r  must have  more t h a n  t h r e e  b l a d e s  t o  v i b r a t e  i n  
a r e a c t i o n l e s s  mode, A n ine- blade  d u a l- r o t a t i n g  u n i t  com- 
p o s e d  o f  8 f o u r- b l a d e  and a f i v e- b l a d e  p r o p e l l e r  might  
p o s s i b l e  v i b r a t e  fn a r e a c t l o n l e s s  node w i t h  b lade- passage  
e x c i t a t i o n ,  t h e  f o u r- b l a d e  p r o p e l l e r  v i b r a t i n g  a t  a f r e-  
quenay o f  10n and t h e  f i v e- b l a d e  p r o p e l l e r  v i b r a t i n g  a t  
a f r e q u e n c y  o f  a n ,  

E f f e c t  o f  wiiip f o r  p u s h e r  c o n d i t i o n , -  A wing mounted 
ahead, o f  a d u a l- r o t a t i n g  p r o p e l l e r  t o  s i m u l a t e  a p a s h e r  con- 
d i t i o n  w o u l d  Se e x p e c t e d  t o  p r d v i d e  a d d i t i o n a l .  ae rodynamic  
e x c i t a t i o n ,  a n d  t h e  f r e q u e n c y  o f  t h i s  e x c i t a t i o n  would de- 
pead upon t h e  l o c a t i o n  o f  t h e  wing,  If t h e  wing were l o c a t e d  
a t  t h r u s t- a x i s  l e v e l ,  t h e  wake b e h i n d  t h e  wing would siupply 
s i z a b l e  e x c i t a t i o n  at a f r e q u e n c y  of 2n, w h i l e  t h e  downwash 
b e h i n d  t h e  wing  woerld supp ly  sonie e x c i t a t i o n  a t  a f r e q u e n c y  
of l n ,  

'=f--".. ---...."-.---- 2. ----I- -----..--- --- .I----- 

For a d u a l- r a t n t i q g  u n i t  w i t h  each  bf t h e  p r o p e l l e r s  
h a v i n g  four  o r  more  b l a d e s ,  t h e  s i z a b l e  e x c i t a t i o n  pro-  
v i d e d  by t h e  wake at t h e  f r e q u e n c y  o f  2n c a n  b e  s e r i o u s ;  
t h e  s t r a n g t h  o f  t h i s  e x c i t a t i o n  i n c r e a s e s  c o n s i d e r a b l y  
w i t h  a i r s p e e d ,  The s e r i o u s  c o n d i t i o n  i s  p r e s e n t  when t h e  
f r e q u e n c y  o f  e x c i t a t i o n  i s  equal t o  t h e  n a t u r a l  f r e q u e n c y  
f o r  a r e a c t i o n l e s s  v i b r a t i o n ,  Beaause t h e  a i r s p e e d  i n  t h e  
w i a g  wake i s  l e s s  t h a n  t h e  a i r s p e e d  w e l l  above  o r  below t h e  
wing, t h e  e x c i t a t i o n  f r e q u e n c y  of 2n occurs ' because e a c h  
b l a d e  p a s s e s  t h r o u g h  t w o  l o w- v e l o c i t y  r e g i o n s  p e r  r e ~ o l u -  
t i o n ,  

The e x c i t a t i o n  at a f r e q u e n c y  of  I n s u p p l i e d  by down- 
wash b e h i n d  t h e  wing i s  smal l  f o r  t e s t s  pe r fo rmed  i n  a c l o s e d-  
t h r o a t  wind t u n n e l ,  b e c a u s e  t h e  t u n n e l  w a l l s  l i m i t  t h e  down- 
wash, The downwash behinO a wing a a n  c a u s e  a p r o p e l l e r  t o  
v i b r a t e  a t  a f r e q u e n c y  o f  I n  b e c a u s e  t h e  downward courponent 
o f  v e l o c i t g  inereasas t h e  a n g l e  o f  a t t a c k  of t h e  blades dur-  
i n g  one-half r o v o l u t i o n  a n d  d e c r e a s e s  t h i s  angle d u r i n g  t h e  
r e m a i n i n g  one-h:Llf r e v o l u t i o n ,  

I f  % h e  wing  a h e a d  of t h e  p r o p e z l e r  i s  d i s p l a c e d  5 0  pe r-  
c e n t  o f  t h e  p r o p e l l e r  r a d i u s  f r o m  t h r u s t - a x i s  l e v e l ,  t h e  main 
f r e q u e n c y  os" e x c i t a t i o n  p r o v i d e d  by th.e wake i s  e x p e c t e d  t o  
be at  a f r e q u e n c y  of l n ;  e x c i t a t i o n  f r e q u e n c i e s  t h e . *  a r e  
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harmonics  o f  1: n a r a  a l s o  e x p e c t e d ,  Because  3n i s  one 
o f  t h e  lower  harmonic  f r e q u e n c i e s ,  i t  i s  p o s s i b l e  t h a t  
t h e  e x c i t a t i o n  at t h i s  f r e q u e n c y  may be  o f  s u f f i c i e n t  
s t r e n g t h  t o  p r o d u c e  a r e a c t i o n l e s s  v i b r a t i o n  o f  a dua l-  
r o t a t i n g  p r o p e l l e r  composed o f  t w o  t h r o e - b l a d a  p r o p a l l e r s ,  
S i m i l a r l y ,  t h o  e x c i t a t i o n  h a v i n g  a f r e q u e n c y  of 4n migh t  
p o s s i b l y  e x c i t e  a r e a c t i o n l e s s  v i b r a t i o n  of 8 dual-  
r Q t a t i n g  p r o p e l l e r  composed o f  two f o u r - b l a d e  p r o p e l l e r s ,  

The v i b r a t i o n  o f  a s ix- blade  d u a l- r o t a t i n g  p r o p e l l e r  
e x c i t e d  'by t h e  wake a t  a f r e q u e n c y  of 3n i s  r e a c t i o n l e s B  
i f  t h e  v i b r a t o r y  hub f o r c e s  o f  t h e  t w o  t h r e e- b l a d e  pro-  
p e l l e r s  c a n c e l ,  The v i b r a t o r y  hub f o r c e s  must be e q u a l  i n  
magn i tude  and  o p p o s i t e  i n  phase f o r  c o m p l e t e  c a n c e l a t i o n ,  
Because  t h e  p h a s i n g  of t h e  t w o  v i b r a t o r y  hub f o r c e s  c a n  be 
r e g u l a t e d  by t h e  i n d e x i n g  a f  t h e  t w o  p r o p e l l e r s  on t h e i r  
s h a f t s ,  a r e a c t i o n l e s s  v i b r a t i o n  e x c i t e d  by t h e  wake can  
be  changed t o  a n o n r e a c t i o n l e s s  v i b r a t i o n  i f  d e s i r e d ,  
I n d e x i n g  t h e  t w o  p r o p e l l e r s  d o e s  no t  c o n t r o l  t h e  c a n c e l a-  
t i o n  of t h e  v i b r a t o r y  hub f o r u e s  t h a t  are Caused by b l a d e  
p a s s a g e ,  

With t h e  wing d i s p l a c e d  5 0  p e r c e n t  o f  t h e  p r o p e l l e r  
r a d i u s  from t h r u s t - a x i s  l e v e l ,  i t  is f e a s i b l e  t h a t  a har-  
monic wake e x c i t a t i o n  o f  f r e q u e n c y  6 n  may e x i s t ,  T h i s  f r e-  
quency i s  t h e  same as  t h e  f r e q u e n c y  f o r  a r e a c t i o n l e s s  %i- 
b r a t i o n  e x c i t e d  by b l a d e  p a s s a g e s  of t w o  t h r e e- b l a d e  pro-  
p e l l e r s ,  Because t h e  wake and t h e  b l a d e  p a s s a g e s  a r e  d5f-  
f e r e n t  c a u s e s  o f  v i b r a t i o n ,  t h e  e f f e c t  of t h e  t w o  e x c i t a-  
t i o n s  o f  f r e q u e n c y  6n upon e a c h  p r o p e l l e r  o f  a d u a l - r o t a t i n g  
u n i t  would depend upon t h e i r  m a g n i t u d e s  and  p h a s e  r e l a t i o n-  
s h i p ,  The p h a s e  r e l a t i o n s h i p  of t h e  e x c i t a t i o n s  would de- 
pend upon t h e  i n d e x i n g  o f  t h e  p r o p e l l e r s ,  The v i b r a t o r y  
hub f o r c e s  a a u s e d  by b l a d e  p a s s a g e s  would be e x p e c t e d  t o  
c a n c e l ,  Depending  upon t h e  i n d e x i n g  o f  t h e  p r o p e l l e r s ,  t h e  
wake- exci ted  v i b r a t o r y  hub f o r c e s  o f  t h e  t w o  p r o p e l l e r s  may 
O F  may n o t  c a n c e l ,  

A. harmonic  wake e x c t t a t i o n  of f r e q u e n c y  6n may possSbly 
e x c i t e  iz r e a c t i o n l o s s  v i b r a t i o n  of  e a c h  o f  t h e  f o u r- b l a d e  
p r o p e l l e r s  composing an e i g h t - b l a d e  d u a l e r a t a t  fng u n i t  , 
The p h a s e  r e l a t i o n s h i p  of t h e  b l a d e s  o f  one p r o p e l l e r  w i t h  
r e s p e c t  t o  t h e  o t h e r  p r o p e l l e r  would depend upon t h e  index-  
i n g  o f  t h e  p r o p e l l e r s ,  

~ X ' ~ + ~ g ~ - o ~ - m o ~ e l l e r  ------------ on wing ---_- f o r x s h e r  ----- =erst -----....-e i o n  - 
Because  f a t i g u e  f a i l u r e s  of t h e  wing t r a i l i n g  edge have p r e v i-  
o u s l y  o c c u r r e d  w i t h  p u s h h r  d e s i g n s ,  t h s  snzcing I e + ~ f i s x  t h o  
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wing and t h e  p r o p e l l e r  i s  i m p o r t a n t ,  A p r e s s u r e  field 
e x i s t s  a b o u t  each  blade e l emen t  of a l l  t h e  b l a d e s  o f  a 
r o t a t i n g  p r o p e l l e r ,  I t  i s  e x p e c t e d  t h a t  t h e  p r e s s u r e s  
w i t h i n  a r a d i u s  o f  a b o u t  1 c h o r d  o f  t h e  r e s p e c t i v e  e l e-  
ments  a r e  a n  a p p r e c i a b l e  s o u r o e  of e x a i t a t i o n  f o r  wing 
v i b r a t i o n ,  I t  i s  t h e r e f o r e  d e s i r a b l e  t h a t  t h e  s p a c i n g  
between t h e  t r a i l i n g  edge of the wing and  t h e  v a r i o u s  
b l a d e  e l e m e n t s  be g r e a t e r  t h a n  1 b l a d e  c h o r d ,  

T&e f r e q u e n c y  of e x c i t a t i o n  o f  t h e  t y a i l i n g  edge 
f o r  a s i n g l e- r o t a t i n g  p r o p e l l e r  i s  Bn. For a dual- 
r o t a t i n g  c o m b i n a t i o n ,  t h e  main e x c i t a t i o n  i s  from t h e  
f r o n t  p ropext le r  a t  a f e q u e n c y  o f  Bpn, where  BF i s  
t h e  number of b l a d e s  o f  t h e  f r o n t  ; ? i o p e l l e r :  i t  i s  ex- 
p e c t e d  t h a t  t h e  r e a r  p r o p e l l e r  would have  r e l a t i v e 1 7  
l i t t l e  e f f e c t  upon t h e  wing b e c a u s e  i t  i s  c u s t o m a r i l y  
l o c a t e d  more t h a n  1 b l a d e  c h o r d  b e h i n d  t h e  f r o n t  p ro-  
p e l l e r ,  I f  t h e  f r e q u e n c y  of a s u f f i c i e n t  e x c i t a t i o n  
c o i i l c i d e s  w i t h  t h e  n a t a r a l  f r e q u e n c y  of e i t h e r  t h e  wing  
as a u n i t  o r  any  o f  i t s  p a r t s ,  such as t h e  t w o  s u r f a c e s  
and- t r a i l i n g  eCLge o f  t h e  wing,  t h e  r e s p e c t i v e  v i b r a t i o n  
s y s t e m s  w i l l  v i b r a , t e ,  

No v i b r a t i o n s  o f  the wing were  d e t e c t s d  f o r  t h e  t e s t s  
r e p o r t e d  i n  r e f e r e a c e  4; t h e  b l a d e  s e c t i o n s  a t  t h r e e- f o u r t h s  
t h e  p r o p e l l . e r  r ad ius  o p e r a t e d  a t  a p p r o x i m a t e l y  t w i c e  t h e i r  
c h o r a s  behindl t h e  t r a i l i n g  edge o f  t h e  wing ,  r 

Engine- exc i t ed  --~----------------------~ v i b r a t i o n s  - A s  w i l l  b e  s e e n  i n  t h e  
r e s u l t s  f o r  t h e s e  t e s t s ,  p r o p e l l e r  v i b r a t o r y  s t r e s s e s  ex- 
c i t e d  b:~ t h e  a i r p l a n e  e n g i n e  c a n  be h i g h ,  A b a s d c  d f s -  
c u s s i o n  o f  t h e  i a p c r t a n t  f r e q u e n c i e s  e x p e c t e d  w i t h  e n g i n e  
e s c i t a t i o i l  i s  t h e r e f o r e  o f  i n t e r e s t ,  a l t h o u g h  t h e  d e t e r -  
m i n a t i o a  o f  ae rod-y i iamiza l ly  o x c i t e d  v i b r a t o r y  s t r e s s e s  was 
t h e  primary pi l rpose  o f  t h e  p r e s e n t  t e s t ,  

An i m p o r t a n t  s y m m e t r i c a l  p r o p e l l e r  v i b r a t i o n  i s  c a u s e d  
by t h e  t o r s i o n a l  o s c i l l a t i o n  03 t h e  p r o p e l l e r  s h a f t ,  t h a t  
i s ,  t h e  p e r i o d i c  t w i s t i n g  o f  t h e  p r o p e l l e r  s h a f t  a 3 o u t  i t s  
a x i s  o f  r o t a t i o n ,  With t h i s  e x c i t a t i o n  all t h e  p r o p e l l e r  
b l a d e s  v i b r a t e  i n  p h a s e  b e c a u s e  e a c h  b l a d e  r e c e i v e s  t h e  
same e x c i t a t i o n  f r o m  t h e  p r g p e l l e r  s h a f t ;  t h e  f r e q u e n c y  o f  
v i b r a t i o n  of t h e  b l a d e s  i s  t h e  same as  t h a t  f o r  t h e  s h a f t ,  
The t o r s i o n a l  o s c i J . l a t i o n  o f  t h e  s h a f t .  i s  p roduced  c h i e f l y  
by gas f o r c e s :  t h e  i m p o r t a n t  f r e q u e n c y  i s  

K X  

2 
-If 

I 
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where 

K i n t e g e r  

X number o f  c y l i n d e r s  o f  t h e  r a d i a l - e n g i n e  bank 

‘f3 e n g i n e  speed- 

Whi r l  o f  t h e  p r o p e l l e r  sha f t  C B ~  be p r o d u c e d  by gas 
f o r c e s  a n d  o f t e n  r e s u l t s  i n  h i g h  v i b r a t o r y  s t r e s s e s  Gf 
p r o p e l l e r s .  A p o i n t  on t h e  p r o y e l l e r - s h a f t  a x i s  t r a c e s  
a n  o r b i t  when t h e  s h a f t  whirls, The f r e q u e n c i e s  e x p e c t e d  

from t h e o r e t i c a l  c o n s i d . e r a t i o n  are (y f 1) N ( r e f e r -  

ence 3 ) .  The p l u s  sign i n d i c a t e s  fo rward  w h i r l ,  that 
i s ,  i n  t h e  same d i r e c t i o n  a s  o n g i n e n s h a f t  rotation, a n d  
t h e  minus s i g n  i n d i c a t e s  r e v e r s a l  rlrhir1. When K i s  
z e r o ,  o n l y  t h e  lolus s f g n  i s  u s e d ,  lnasmuch a s  t h o  a n a l y s i s  
s h o w s  t h a t  a whirl o f  f r e q u e n c y  1 IT i s  o n l y  fo rward ,  

The f r e q u e n c y  o f  v i b r a t i o n  o f  t h e  p r o p e l l e r  b l a d e s  
d i f f e r s  f r o 2  t h e  f r e q u e n c y  o f  whirl o f  t h e  p r o p e l l e r  s h a f t  
b r  t h e  p r o p e l l o r  spaed  ( r e f e r z n c e  5 ) ,  F o r  a d u a l - r o t a t i n g  
y r o p e l l e r r ,  t h e  t w o  p r o p e l l e r  s h a f t s  w h i r l  i n  t h e  same d.ic 
r e c t f o n  b u t  t h e  p r o p e l l e r s  r o t a t e  in o p p o s i t e  d i r e c t i o n s .  
The v i b r a t i o n  f req- i iency o f  t h e  p r o p e l l e r  r o t a t i n g  i n  a 
d i r 9 c t ; i o n  o p p o s i t e  t o  t h e  w h i r l  o f  its s h a f t  i s  h i g h e r  ‘than 
t h e  f r e q u e n c y  o f  t h e  p r o p @ / l c r - s h a f t  w h i r l ,  whcreas t h e  
v i b r a t  ;-on f r e q u c n c x  o f  t h o  o t h e r  propeller i s  l o w e r  t h a n  
t h e  f r e q u e n c y  o f  propeller-shaft whirl. TPhe p r o p e l l e r -  
b l a d e  f r e q u e n c i e s  a r e  accordingly f, + E/.& and fbr - kT/a, 
where f, i s  t h e  f r e e u o s c y  o f  p r o p e l l e r - s h a f t  w h i r l  i n  
t e r m s  o f  e n g i n e  s p e e d ,  IT/A r e p r e s e n t s  t h e  : 3 r o p e l l e r  speed ,  
a n d  A i s  t h e  r a t i o  o f  eng tne - sha f t  speed  t o  p r q e l l e r -  
s h a f t  s p e e d ,  

I n e r t i a  w h i r l  a t  f r e q u e n c i e s  o f  1 XT and  2li c a n  a180 
c a u s e  a p r o p e l l e r  t o  v i b r a t e ;  t h e s e  w h i r l s  a r e  caused  by  
unba lanced ,  i n e r t i a  f o r c e s  o f  the a r t i c u l a t e d  c o n n e c t i n g-  
r o d  system. The freq-uency o f  p r o p e l l e r  v i b r h t i o n  r e-  
s u l t i n g  from i n e r t i a  whirl d i f f e r s  f r o m  t h e  f r e q u e n c y  o f  
i n e r t i a  tsh2rl by t h e  p r o p e l l e r  s p e e d ,  just a s  e x p l a i n e d  
Cor whirl caused by gas f o r c e s .  

PropeZZer  v i ’ b r a t i o n s  o a u s e d  by p r o p e l l e r - s h a f t  w h i r l s  
a r e  uasynmetrical, 

t 
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P r  o n e l l e r  s e n n i n e  and  n a c e l l e  ,- The ground- 
a d j u s t a b l e  d u a l - r o t a t l n g  p r o p e l l e r s  u s e d  for t h e  
p r e s e n t  t e s t  a r e  d e s c r i b e d  i n  t a b l e  I ,  These  p r o p e l l e r s  
w0re d r i v e n  by a P r a t t  & Whitney B,2800L112 e n g i n e  g e a r e d  
26:15 and  mounted Qn r u b b e r  mounts i n  a f u l l - s c a l e  s t u b-  
wing n a c e l l e  i n s t a l l e d  i n  t h 6  %lf&L 16 - foo t  h igh- speed  
t u n n e l .  A p r o p e l l e r ~ e n g i n e - n a c o l l e  c o n b i n a t i  on i s  shown 
i n  f i g u r e " 3 .  

The m a s t o r  r o d s  o f  t h e  L 8 r c y l i n d e r  twfn-row e n g i n e  
a r e  l o c a t e d  a t  c y l i n d e r s  8 and13 ,  v h i c h  a r e  t h e  p o s i t i o n s  
f o r  minimum t o r s i o n a l  v i b r a t i o n  o f  t h e  e n g i n e  s h a f t .  The 
puck damper i n  t h e  r e a r- b a n k  c r a n k  o f  t h e  e n g i n e  damps t h e  
t o r s i o n a l  v i b r a t i o n s  o f  t h e  s n g i n e  shaf t  o c c u r r i n g  a t  a 
freq-z;ency of 448, F o r  modern e n g i n o s  t h e  i n e r t i a l  w h i r l  
o f  f r e q u e n c y  1 bl' i s  p a r t l y  b a l a n c e d  o u t .  F o r  t h i s  e n g i n e ,  
a g e a r e d  c o u n t e r b a l a n c e  i s  e m p l o y e d  t o  b a l a n c e  ou t  p a r t l y  
t h e  i n e r t i a  w h i r l  a t  a f r e q u e n c y  o f  2X. 

The puck  darnpar and  g e a r e d  c o u n t e r b a l a n c e  n o t  only 
r e d u c e  t h e  e n g i n e - e x c i t e d  p r o p e l l e r  s t r e s s e s  b u t  a l s o  
r e d u c e  t h 2  v i b r a t o r y  s t r c s s s s  o f  e n g i n e  p a r t s .  

S i m u l a t i o n  o f  pusher, , c o n d i t i o n . -  Tho p u s h e r  c o n d i t i o n  
W ~ S  s i m u l a t e d  by mou'nting a w i n g  a t  0' angle o f  a t t a c k  ahead 
o f  t h e  p r o p e l l e r s  ( f i g s .  4 and 5 ) .  Tho i n v e r t e d  wing was 
d i s p l a c e d  50 p e r c e n t  o f  t h e  p r o p e l l o r  r a d i u s  above  t h r u s t -  
a x i s  l e v e l  t o  s i m u l a t e  an c x i s t i n g  d s s i g n ,  The wing w a s  
i n v e r t e d  and  mounted a b o v e  t h r u s t - a x i s  l e v c l  i n  o r d e r  t o  
l o c a t e  i t  a s  n e a r  a s  p o s s i b l e  t o  t h e  h o r i z o n t a l  d i a n e t o r  o f  
t h e  t u n n e l ,  t h e  t h r u s t  a x i s  being 9 i n c h e s  b&Lov t h e  t u n n c l  
c a n t o r  l i n e ,  { S e a  f i g .  5 , )  

I n s t r u m e n t a t i o n . -  The method o f  r e c o r d i n g  s t r e s s e s  o f  
t h e  p r o p e l l e r  b l a d e s  can  be e x p l a i n e d  wi th  t h e  a i 4  o f  f i g -  
u r e  5. The r e s i s t a n c e s  of t h e  s t r a i n  g a g e s  on t h e  b l a d e s ,  
d e s i g n a t E a  BG, v a r y  with t h e  s t r a i n s  o f  t h e  g a g e s  t o  pro-  
dluce f l u c t u a t i n g  v o l t a g e s  t h e  a l t e r n a t i n g  components  o f  
which was a p p l i e d  t o  t h e  a m p l i f i e r s ,  S l i p - r i n g  d e v i c e s  a r e  
n e c e s s a r y  t o  conduc t  e l e c t r i c a l  o u r r e n t s  f r o n !  t h e  r o t a t i n g  
p r o p e l l e r  t o  t h e  a m o l i f i e r s ,  The a m p l i f i e d  v o l t a g e s  a r e  
a p p l i e d  t o  t h e  o s c i l l o g r a p h ,  which  r & c o r d s  t h e  a m p l i f i e d  
v o l t a g e s  on  p h o t o g r a p h i c  p a p e r ,  The o s c i l l o g r a p h  t r a c e s  
a re  p r o p o r t i o n a l  t o  s t r a i n  a n d ,  i f  s t r e s s  i s  p r o p o r t i o n a l  
t o  s t r a i n ,  t h e  t r e c e s  r e p r e s e n t  s t r e s s  u a r i c t i o n a .  rn :c. e 
s t e a d y  s t r e s s  i s  ~ o 5  rnezz-.c;r?< 
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Carbon e l e c t r i c a l  s t r a i n  gages ( s m a l l  f l a t  s t i c k s  
of c a r b o n )  v e r e  mounted on t h e  C u r t i s s  h o l l o w  s t e e l  b l a d e s  
w i t h  a h a r d  grade o f  d e g h o t i n s k y  cement;  whereas  f l e x i b l e  

L n  s t r a i n  g a g e s  ( c a r b o n  d e p o s i t e d  on c l o t h )  were mounted on 
0 the Hami l ton  S t a n d a r d  s o l i d  a luminum-al loy  b l a d e s  with v e r y  
-t- hard ' u a k e l i t e  cement ,  A t y p i c a l  s t r a i n - g a g e  l a y o u t  on a 
GI b l a d e  i s  shown i n  f i g u r e  7 ,  and  a d e t a i l e d  l i s t  of s t r a i n -  

gage  l g c a t i o n s  f o r  a l l  t h e  t e s t s  a -ppears  i n  t a b l e  11. A l l  
t h o  s t r a i n  gages  on t h e  a l u m i n u w a l l o y  b l a d e s  were mounted 
l o n g i t u d i n a l l y  t o  measure  f l e g u r a l  s t r e s s  v a r i a t i o n s .  A t  
t he  maximurn-stress p o s i t i o n s  away from t h e  shank,  t h e  gages 
were mounted so a s  t o  measure  t h e  v i b r a t o r y  s t r e s s e s  a t  
maximum blade t h i c k n e s s e s .  U o s t  o f  t h e  gages on t h e  hollow 
s t e e l  blades were mounted i n  t h e  pame way a s  on t h e  alumtnum- 
a l l o y  b l a d e s .  A few o f  t h e  gages o n  t h e  hollow s t e e l  b l a d e s  
however ,  were  mounted t r a n s v e r s e l y  at; $- chord p o s i t i o n s  t o  
d e t e c t  d iaphragm v i b r a t i o n s .  PIX g$ges were i n s u l a t e d  f r o m  
t h e  p r o p e l l e r s  by t h i n  p i e c e s  o f  p a p e r  a n d  t h e  cement6.  
S e p a r a t e  Gsmali wires led. f r o m  one end o f  e a c h  gage  t o  t h s  
b l a d e  shanks1 t h e  o t h e r  end o f  each  g a g e  mas c o n a e c t e d  t o  
t h e  s m a l l  common w i r e  l e a d i n g  t o  t h e  shank.  lfhese small 
i i i a u l a t e d  n k r e s  w e p q  s e c u r e l y  f a s t e n e d  t o  t h e  b l a d e s  with 
V u l c a l o c k  cement .  Tha ends of  t h e  small w i r e s  a t  t h e  s h a n k s  
were c o n n e c t e d  t o  r e l a t i v e l y  heavy s t r a n d e d  w i r e s  leading t o  
t h e  r i a g s  o f  o n e  o f  t k e  s l i p - r i n g  d e v i c e s .  The heavy i n s u l -  
a t e d  wires wBre m a p p e d  tibhtly t o  t h e  b lade  shanks t o  p r e-  
v e n t  them f r o m  pu23 ing  o f f  t h e  small w i r e s  on t h e  b l a d e s  
b e c a u s e  of  c e n t r i f u g a l  f g r c e ,  Gages a n d  w i r e s  mounted on a 
p r o p e l l e r  b l a d o  a r e  shown i r i  f i g u r e  8. 

Two t y p e s  o f  s l i p - r i n g  d e v i c e ,  t h e  I1pir-eapplell and  t h e  
f l i g h t  r i n g ,  % e r e  u s e d  f o r  eacsh t e s t .  The p i n e a p p l e  vas 
mounted aheRd o f  t h e  f r o n t  p r o p e l l e r  and !.ras c o n n e a t e d  t o  
t h e  g g g e s  on  the  f r o n t  p r o p e l l e r ;  Jrhereas, t h e  f l i g h t  r i n g  
was mounted b e h i n d  the  r e a r  p r o p e l l e r  and w a s  c o n n e c t e d  t o  
t h e  g a g e s  on t h e  rear  p r o p e l i e r .  Each  o f  t b e  p i n e a p p l e s  
has 12 s i l v e r  r i n g s  o f  e q u a l  d i a m e t e r  w i t h  two  s i l v e r -  
g r a p h i t e  b r u s h e s ,  s p a c e d  l 8 O a ,  c a n t a c t i n g  each  r i n g .  The 
p i n e a p p l e  s t a t o r  was r e s t r a i n ' e d  by a h o r i z o n t a l  c a b l e  a t  
t h r u s t m a x i s  l e v e l  ahead  of  t h e  d a a l - r o t a t i n g  p r o p e l l e r s  
( f i g .  9) ,  One f l i g h t  r i n g  u s e d  has  1Q c o n c e n t r i c  s i l v e r  
r i n g s  w i t h  t w o  s i l v e r - g r a p h i t e  brushes o o n t a c t i n g  each  r i n g ;  
t h e  o t h e r  f l i g h t  r i n g  u s e d  has 13 c o n c e n t r i c  s i l v e r  r i n g s  
w i t h  t w o  s i l v e r - g r a p h i t e  b r u s h e s  c o n t a c t i n g  e a c h  r i n g .  The 
t w o  b r u s h e s  c o n t a c t i n g  each r i n g  were  co'nnected by w i r e s  
g rouped  i n  a c a b l e .  The b r u s h e s  c o n t a c t i n g  e a c h  o f  t h e  rings 
a t t a c h e d  t o  t h e  common wipe o f  each n r o p e l l e r  were c o n n e c t e d  
t o  a b a t t e r y  ( f i g .  6). The r e s t  o f  the b r u s h e s  mere c o n n e c t e d  
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t o  t h e i r  r e s p e c t i v e  balancing r e g i ~ t o r s .  T - i g u r e  LO shows 
a n  i n s i d e  view of a f l i g h t  r i n g ,  

5he r e s i s t a n c e s  d e s i g n a t e d  Rg i n  f i g u r e  6 are c a l l e d  
b a l a n c i n g  r e s i s t a n c e s  b e c a u s e  % h e y  must be  equal  t o  t h e  
s t r a i n- g a g e  r e s i s t a a c e s  BG f o r  maximum a l t e r n a t i n g- v o l t a g e  
i n p u t  t o  t h e  a m p l i f i e r .  The b a l a n c i n g  b o x  i s  composed O f  

P 
i 

i- variable r e s i s t o r s ,  a n d  e a c h  r e s i s t a n c e  i s  c a p a b l e  of ad- 0 
j u s t m e n t  t o  a v a l u e  e q u a l  t o  t h e  r e s i s t a n c e  o f  a partlcular u1 
s t r a i n  gage t o  which i t  i s  c o n n e c t e d .  

A s e p a r a t e  a t t o n u a t o r  was used  w i t h  e a c h  amplifies 
( f i g ,  61, The a t t e n u a t o r s  a r c  a e r e l y  p o t e n t i o m e t e r s  ha-v- 
i n g  s e v e r a l  s w i t c h i n g  p o i n t s  a n d  c o n t r o l  t h e  i n p u t  v o l t a g e s  
o f  t h e  a m p l i f i e r s  t o  r e g u b t e  t h e  s i . z e  o f  t 'ne oscillograph 
t r a c e s  a 

T h r e e  banks  o f  voltage arnplif i u r s ,  e a c h  bank c o n s i s t-  
ing  o f  f o x r  a m p l i f i e r s ,  were u s e d  f o r  e a c h  t e s t ;  a s w i t c h-  
i n g  a r r a n g e m e n t  was u s e d  i n  o r d e r  t h a t  m o r e  t h a n  1 2  s t r a i n -  
gage recoyclings c o u l d  be made f o r  a g i v e n  o p e r a t i n g  con- 
d i t i o n ,  The v o l t a g e  a m p l i f i c a t i o n  of t h e  a m p l i f i e r s  I s  
e s s e n t i a l l y  c o n s t a n t  over  t h e  f r e q u e n c y  r a n g e  f rorn  5 t o  
2500 c y c l e s  p e r  seconc?.. 

T h e w t p u t  v o l t a g e  o f  each  a m y l i f i e r  mas a p p l i e d  t o  
one  o f  12  o s c i Z l a g r a p h  e l e m e n t s  i n  a n  o s c i l l o g r a p h .  Twelve 
v o l t a g e  t r a c e s  r e p r e s e n t i n g  s t r a i n  v a r i a t i o n s  a p p e a r e d  on 
t h e  p h o t o g r a p h i c  p a p e r ,  and each t r a c e  mas o f t e n  composed 
of s e v e r a l  f r e q u e n c y  components .  I n  order t o  d e t e r m i n e  
tile f r e q , u q n c i a s  of  v i b r a t i o n  i n  t e rms  of  e n g i n e  speed o r  ~ f "  
p r o p e l z e r  speed,  one of t h e  12 c h a n n e l s  w a s  u s e d  t o  record. 
a p e r i o d i c  i n d u c e d  v o l t a g e  o c c u r r i n g  e i t h e r  with e v e r y  en- 
g i n e  r e v o l u t i o n  o r  with every pro -pe l I e r  r e v o l u t i o n .  

An i n d u c e d  v o l t a g e  v i t b  e v e r y  p r o p e l l e r  r e v o l u t i o n  is 
o b t a i n e d  by havirig a small A J x i c o  msgnet imbedded i n  t h e  
r o t o r a o f  t 'ne n i n e a p p l e  p a s s  a s m a l l  caiE in t h e  s t a t o r  with 
e v e r y  p ~ o p e I l e r  revoZntZon,  T h e  small iziduced v o l t a g e  must 
be a m p l i f i e d ,  znd t h e  a m p l i f i e d  v o l t a g e  i s  a p p l i e d  t o  ar, 
o s c i l l o g r a p h  e l e m e n t ,  

R e c o r d s  o f  e n g i n e  speed  a r e  o b t a i n e d  by e n p l o y i n g  a 
c o n t a c t  i n  s e r i e a  w i t &  a b a t t e r y  and  a n  o s c i L l o g r a p h  e l e m e n t ;  
t h e  c o n t a c t  makes and  b r e a k s  with  every  r e v o l u t i o n  o f  t h e  
engiize s h a f t .  These records  may a l s o  be o b t a i n e d  by p l a c i n g  
a few t u r n 6  of wire a round  a sp 'ark-plug l e a d  and c o n n e c t i n g  
t h i s  small c o i l  t o  a n  oscillogrnph e l e m e n t .  
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The a l t e r n a t i n g  v o l t a g e s  a c r o s s  some o f  t h e  b a l a n c i n g  
r e s i s t o r s  were a l s o  a p p l i e d  t o  t h e  i n p u t  t e r m i n a l s  o f  a 
wave a n a l y z e r  t o  k e e p  c o n s t a n t  watch f o r  p r o p e l l e r  v i b r a -  

ln t i o n  f r e q u e n c i e s  c o r r e s p o n d i n g  t o  b l a d e- p a s s a g e  e x c i t a t i o n .  
c, - Tbe f r e q u e n c y  d i a l  of t h e  a n a l y z e r  w a s  s e t  i n  s u c h  a way 
1' t h a t  t h e  component of v o l t a g e  a t  b l a d e- p a s s a g e  f r e q u e n c y  

w o u l d  be s e l e c t e d ,  The r e s p o n s e  f o r  $he  f r e q u e n c y  s e l e c t e d  A 

was i n d i c a t e d  by a v o l t n e t e r .  

-----------_. C a l i b r a t i o n  of ec~~&a:n_t_*- Each  s t r a i n  gage w a s  C a l i -  
b r a t e d  .in such a *vay t h a t  a known a l t e r n a t i n g  v o l t a g e  ex- 
i s t e d  a c r o s s  e a c h  b a l a n c i n g  r e s i s t o r  for a g i v e n  a l t e r n a t i n g  
s t r a i n ,  

The c a r b o n  gages ( s t i c k s  of c a r b o n )  were c a l i b r a t e d  
on a dynamic c a n t i l e v e r  bar a c t u a t e d  a t  t h e  t i p  w i t h  a 
f o r c i n g  p i s t o n .  The t i p  of t h e  r e c t a n g u l a r  bar was f i r s t  
s t a t i c a l l y  d e f l e c t e d ,  and  t h e  s t r a i n s  a t  t h e  gage ~ o s i t i o n s  
were weasured  w i t h  a Tuckerman s t r a i n  g a g e ;  t h e  measured 
s t r a i n s  check  closely w i t h  t h o s e  o b t a i n e d  by c a l c u 2 a t i o n .  
?he bar was t b e n  v i o r a t e d  i n  suuh a way t h a t  the  maximum 
t i p  a n p l i t u d e  equalec? t h e  ? r e v l o u s  s t e t i c  d e f l e c t i o n  o f  t he  
t i p ,  and t h e  a l t e r n a t i n g  v o l t a g e s  across t h e  b a l a n c i n g  r e-  
s i s t o r s  c o n n e c t e d  t o  t h e  s t r a i n  g a g e s  w e r e  measured.  

The f l e x i b 3 . e  gages  were s t a t i c a l l y  a a l i b r a t e d  on the  
p r o p e l l e r  b l a d e s ;  maxiy o f  t h e  c a l i b r a t i o n s  b e f o r e  a n d  a f t e r  
t h e  t e s t  checked  v i t h i n  1 p e r c e n t ,  The s t a t i c  c a l i b r a t i o n  
p r o c e d u r e  i s  t o  d e z l e c t  t h e  b l a d e  a n d  t o  measure  b o t h  t h e  
s t r a i n  tit, maxinun; b l a d e  t h i c k n e s s  b e s i d e  e a c h  gage and t h e  
p e r c e n t a g e  change of  r e s i s t a n c e  of e a c h  gager  The s t r a i n s  
were measured  with a HuggenbsSger s t r a i n  g a g e ,  and  t h e  per-  
c e n t a g e  changes  of r e s i s t a n c e  of t n e  gages  were measured 
d i r e c t l y  w i t h  t h e  u se  o f  R b r i d g e  c i r c u i t ,  I f  a n  a l t e r n n t -  
i n g  s t r a i n  i s  c o n s i d e r q d  and if f i g u y e  6 i q  r e f e r r e d  t o ,  
t he  p e a k  a m p l i t u d e  o f  a l t e r n a t i a g  v ~ l - t a g a  a c r o s s  a b a l a n c-  
i n g  r e s i s t o r  f a r  ( t h e  i n p u &  r e s i s t a n c e  o f  t h e  
a m - o l i f i e r  i s  h i g h  compaged w i t h  RG and RB i s  c o n s i d e r e d  
e q u a l  t o  RG) is 

ARG/;RG << 2 

wh e T B 

,!LRG/BG p e r - u n i t  change  of s t r a i n - g a g e  r e s i s t a n c e  co r respond-  
ing t o  t h e  peak  amfol i tu3e  o f  z l t e r n a - i n g  s t r k r i n  
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E b a t t e r y  v o l t a g e  

Dur ing  a p r o p e l l e r  v i b r a t i o n  t e s t ,  ~ R G / B G  ranges f r o m  
z e r o  t o  a b o u t  1 /2  p e r c e n t  and E i s  u s u a l l y  45 v o l t s .  

A. l ow- f requency  o s c i l l a t o r  h a v i n g  a n  o u t p u t  v o l t a g e  
of 60 m i l l i v o l t s  was u s e d  f o r  c a l i b r a t i n g  t b e  e l e c t r i c a l  
equipment .  A t  i n t e r v a - 1 s  d u r i n g  t h e  t e s t i n g ,  t h e  o s c i l l a -  
t o r  v o l t a g e  mas a9-pl ied  s i m u l t a n e o u s l y  t o  a11 a t t e n u a t o r s s  
and s i n - a s o i d a l  t r a c e s  were p r o d u c e d  upon t h e  p h o b o g r a p h i c  
p a p e r  i n  t h e  o s c i l l o g r a p h ,  A known r e l a t i o n s h i p  be tween 
t h e  i n p u t  v o l t a g e  t o  t h e  a t t e n u a t o r  and t h e  a m p l i t u d e  of 
t h e  t r a c e s  o n  t h e  ;3ho tograpb ic  p a p e r  tyas t h e r e f o r e  d e t s r -  
mined. 

P h l y s i , s ,  o f  r e c a r d s . -  Because  t h e  s t r a i n  g a g e s  a n d  
t h e  e l e c t r i c a l  equipment  were c n l i b r ~ + t e d  a s  e x g l a i n e d ,  t h e  
s t r a i n s  a t  t h e  v a r i o u s  p o s i t i o n s  os1 t h e  p r o p e l l e r  b l a d e s  
were r e a d i l y  c a l c u l a t e d  f roin t h e  measured  ampl i tuc ies  of t h e  
o s c i l l o g r a p h  traces. Each v a l u e  of s t r a i n  w a s  m l t i p l i e d  
by t h e  mod.ulus o f  e l a s t i c i t y  o f  t h e  b l a d e  r w t e r i a l  t o  ob- 
t a i n  s t r e s s  v a l u e s ,  

The f r e q u e n c i e e  corrposing a n  o s c i l l o g r a p h  t r a c e  were 
d e t e r m i n e d  by c o u n t i n g  t h e  number o f  a e a k s  o f  e a c h  com- 
p o n e n t  wave f o r  a c o n s i d e r a b l e  number o f  p r o p e l l e r  revo-  
l u t i o n s  ( o r  e n g i n e  r e v o l u t i o n s  i f  t h e  t i m i n g  wave r e p r e-  
s e n t e d  a f r e q u e n c y  o f  1 H) and d i v i d i n g  by t h e  number of 
r e v o l u t i o n s  f o r  wh ich  t h e  p e a k s  mere c o u n t e d .  I f  a n  os-  
c i l l o g r a p h  t r a c e  i s  coiii-oosed of t w o  f r e q u e n c i e s  t h n t  a r e  
n e a r l y  e q u a l ,  a SLOW b e a t  f r e q u e n c y  r e s u l t s  which i s  e q u a l  
t o  t h e  d i f f e r e n c e  between t h e  t w o  f r e q u e n c i e s ;  i n  t h e s e  
c a s e s ,  one o f  t h e  f r e q u e n c i e s  w a s  d e t e r m i n e d  f i r s t  and  t h e  
b e a t s  were c o u n t e d  t o  d e t e r m i n e  t h e  o t h e r  f r e q u e n c y .  

T_e,st, ggnd,ikLzg;.- T h e  v a r i o u s  t e s t  c o n d i t i o n s  a r e  
g i v e n  i n  t ab l e  IIJ. The usual t e s t  procedure f o r  each 
b l a d e  a.ng1e mas t o  h o l d  t h e  brake mea3 e f f e c t i v e  p r e s s u r e  
c o n s t a n t  a t  v a l u e s  of $ 0 0 ,  3 5 0 ,  and 2 G O  pounds  p e r  s q u a r e  
i n c h  and t o  v a r y  t h e  e n g i n e  s p e e d  by a d j u s t i n g  t h e  a i r -  
speed .  ivlaintenance of  a o n s t a n t  b r a k e  rman e f f e c t i v e  p r e s -  
s u r e  k e p t  t h e  e x c i t a t i o n  s u p p l i e d  by g a s  f o r a e s  c o n s t a n t  
i n  o r d e r  t h a t  d i f f e r e n a e s  i n  p r o p e l l e r  v i b r a t o r y  s t r e s s e s  
would  d e p e s d  as  n e a r l y  a8 p o s s i b l e  on ly  xpon bow c l o s e  t h e  
f r e q u e n c y  o f  an exciCiag f o r c e  mas t o  a n a t u r a l  f r e q u e n c y  
of  v i b r a t i o n .  
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L i m i t a t i o n s  on a i r q p q e d s  a l l o w a b l e  f o r  t h e s e  t e s t s  
p r e v e n t e d  c o v e r i n g  t h e  f u l l  r a n g e  o f  e n g i n e  speed and 
b r a k e  mean e f f e c t i v e  pressure a t  a l l  b lade  a n g l e s .  The 
term n p r o p e l l e r  l o a d "  i n  t a b l e  1 x 1  s i g n i f i e s  t h a t  t h e  
t u n n e l  f a n s  were n o t  r u n n i n g  a n d  t h a t  a i r s p e e d  was pro-  
duced o n l y  by t h e  model. I n  t h i s  c o n d i t i o n ,  t h e  b r a k e  
mean e f f e c t i v e  p r e s s u r e  v a r i e d  a p p r o x i m a t e l y  A S  t h e  s q u a r e  
o f  the  e n g i n e  speed ,  

m 
0 

ACCURACY OF LEASUREhtEMTS 

The rrieasurement s of' s t r a i n  m a g n i t u d e s  f o r  thBs  t e s t  
a r e  b e l i e v e d  a , c c u r a t e  w i t h i n  5 oercozzt; t h e  main  components  
of f r e q u e n c y  f o r  t h e  o s c i l l o g r a p h  r e c o r d s  of s t r a i n  t h a t  
r e p r e s e n t  good  r e s o n a n c e  a r e  a c c u r a t e l y  d a t e r n i n e d  i n  t e rm& 
o f  p r o p e l l e r  speed o r  o f  e n g i n e  s p e o d ,  The s t r e s s  magni..; 
tudes a r e  t h e r e f o r e  also b e l i e v e d  a c c u r a t e  w i t h i n  5 p e r c e n t  
on t h e  c o n d i t i o n  t h a t  s t r e s s  i s  p r o p o r t i o n a l  t o  s t r a i n .  

S e c u r e  b o n d s  o f  straili  &;ages t o  t h e  s u r f a c e  o f  t h e  
mater ia l  a r e  e s s e n t i a l  f o r  a c c u r a t e  s t ra iP measurements .  
The boads f o r  t h e s e  t e s t s  were  s a t i s f a c t o r y ,  S a t i s f a c t o r y  
r e s u l t s  wers o b t s i n e d  w i t h  t h e  s l i p - r i n g  d e v i c e s  l o c a t e d  as 
in f i g u r e  6 ;  t he  e f f e c t  o f  fmmer fec t  c o n t a c t  between t h e  
b r u s h e s  and. r i n g s  vas slna1L. C o n s i d e r a b l e  c a r e  must be 
t a k e n ,  however ,  tha t  t h e  s u r f a c e s  o f  t h e  f l i g h t  r i n g ,  which 
has r i n g s  o f  c o n s i d e r a b l e  d i a m e t e r ,  a r e  f l a t  a n d  t h a t  t h e  
r o t o r  r e v o l v e s  w i t h o u t  wobblinb. 

Transverse a s  well a s  l o n g i t u d i n a l  a t r a i n  c h a n g e s  t h e  
r e s i s t a n c e  o f  8 s t r a i n  gage, A s t r a i n  gage i s  t h e r e f o r e  
s a i d  t o  have  cross s e n s i t i v i t y .  The gages  mounted on  t h o  
b l a d e s  should have  n e g l i g i b l e  c r o s s  s e n s i t i v i t y  i n  o r d e r  
that a gage mounted l o n g i t u d i n a l l y  o n  a b l a d e  w i l l  r e s p o n d  
on ly  t o  l o n g i t u d i n a l  s t r a i n  v a r i a t i o n s ,  The e x a c t  amount 
o f  e r r o r  i n t r o d u c e d  by cross s e n s i t i v i t y  is n o t  known b u t ,  
f o r  t h e s e  t e s t s ,  t h e  c ros s  s e n s i t i v i t y  was a b o u t  one-half 
t h e  l , o n g i t u d i n a l  e e n s i t i v i t y  and  t h o  i m p o r t a n t  s t r e s s e s  
o c c u r r e d  n e a r  thls bkade t i p s  ?&ere: t h e  v i b r a t o r y  m o t i o n s  
a r e  esses i t  i a l f y  flatv3.st: a n d  t h e r e f  o re  i n t r a d u a c  n e g l i -  
g ib$e  t r a e s v e y s f ;  e t r e g s e s  of  t h e  gages. The gages on h o l-  
low s t e e l  p r o p e l l e r s 9  honcvor,  a r e  s t r a i p c d  more  i n  t h e  
t r a n g v e r s e  d i r e c r t i o q  t h a n  t h e  gages  on s o l i d  aLuminum-alloy 
p r o p e l l o r ~ l  b e c a u s e  Pf t h e  o c c u r r e n c e  o f  d iaphragm v i b r a t i o n s .  
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The P o i s s a n  r a t i o  e f f o c t ,  o c c u r r i n g  w i t h  d i aphragm 
v i b r a t i o n s  of t h e  h o l l o w  s t e e l  p r o p e l l e r s r  is a source 
of e r r o r  0.f v i b r a t o r y - s t r e s s  measurements  and c a n  b e s t  
be exp l a ined  w i t h  t h e  a i d  of f i g u r e  11. A f l a t  m e t a l  
p l a t e  ( f i g .  I l ( a ) )  c a n  be s t r e t c h e d  from R l e n g t h  L 
t o  a l o n g t h  3; + 9L by a p p l y i n g  a u n i f o r m  t e n s i o n  F: 
t h e  w i d t h  of t h e  p l Q t c  decreases f r o m  W t o  W - ABV be- 
cai lse of t h e  P o i s s o n  c f f a c t .  If a u n i f o r m  t r a n s v e r s e  
f o r c e  F t  i s  a p p l i e d  ( f i g .  ll(b)), the  u n i f o r m  t e n s i o n  
9 nust be  i n c r e a s e d  t o  F + AY t o  m a i n t a i n  a p l a t e  
l e n g t h  o f  L 4- AL. The f o r c e  Y t  t h e r e f o r e  d e s t r o y s  
t h a  'linear r e l s t i o n s h i p  be tween Btress  and s t r a i n .  With 
v i b r a t i o n s  o f  l z o l l o w  s t e e l  p r o p e l l e r s t  f o r c e s  such  E I B  F t  
occur b e c a n s e  of t h e  diaphragm v i b r a t i o a a  a n d  a c t  e i t h e r  
in a d i s G c t i o n  t h e  same a6 or opposite t o  t h a t  s h w n  i n  
T i g n r e  I?-(%) e I n t a n s i v e  s t u d y  by' t h e  C u r t i s s- W r i g h t  Cor-  
p o r a t i o n  ? ~ o y ? : l e r  S i v i s i o n  ( u n p u b l i s h e d )  i n d i c a t e s  t h a t  
the P c ~ s = . o - :  rLa2 ' i o  e f f e c t  does  not i n t r o d u c e  m o r e  than a n  
a d d i t i c i x a l  5 percn:it of u n c e r t a i n t y  i n t o  f l e x u r a l - s t r 8 s s  
d e t e r q i n a t  i o i i s  o n  t h e  h o l l o w  s t e e l  b l a d e s  u s e d  f o r  t h e s e  
tests! T h e i r  rstvdy 3130 f n d . i c n t e s  t h a t ,  because  of  t h i s  
phenorienon ez.9 afs- ,  b o . c ~ u e e  o f  t h e  f a c t  that  t h e  s t r a i n  
g a g e s  u s e &  f o r  t l  ~ s e  t e s t a  t o  measure t h e l d i a p h r a g m  vi- 
b r a t i o n  s t i e a 3 e s  W Z T B  t l ? , i ~ k  c o a p a r e &  w i t h  t h e  rear p l a t e s  
of  t h e  b l a d @ s r  t he  h i a p h r a b m - s t r e s s  d e t e r m i n a t i o n s  were 
h i g h e r  than t h e  true s tressas  by 10 t o  30 p e r c e n t .  The 
strair, v a r i a t i o n s  f o r  the  hollow s t e e l  b l a d e s  were m u l t i -  
plied by t h e  n o d u l u s  o f  e l a s t i c i t y  f o r  s t e e l  t o  g e t  approx-  
i m a t e  s t r e s s  v a l u e s .  

DISCUSSIOH OB RESULTS 

Vibration t e s t s  were pe r fo rmed  t o  o b t a i n  t h e y v i . b r a t o r y -  
s t ress  c u r v e s  shown. i n  f i g u r e s  12 t o  5 5 ,  The t e r m  "stresses t t  
w i l l  b e  used i n  d i s c u s - q i n g  thtj t e s t s  for h o l l o w  $ t e e 1  b l a d e s  
because t h e  more a c c u r a t e  t e r m  " s t r a i n  t i m e s  inodulustl is 
ra ther  cumbersome. 181 many of t h e  r u n s ,  t h e  eng ine  brake 
mean e f f e c t i v e  pressure w a g  h e l d  c o n s t a n t  w h i l e  t h e  e n g i n e  
speed was v a r i e d  i n  order t o  keep  c o n s t a n t  t h e  e x c i t a t i o n  
s u p p l i e d  by gas  f o r c e s ,  a s  p r e v i o u s l y  discussed, For f i g-  
u r e s  12 t o  19 and  36 t o *  55, no  o v e r l a p  o f  ra .nges  of b r a k e  
mean e f f e c t i v e  p r e s a u r e  i s  shonrii; i n s t e a h  o n l y  t h e  h i g h e s t  
s t r e 8 8  i n  a r e g i o n  of Over l ap  is p l o t t e d  for gri;ven e p g i n e  
spoed. Some of  t h e  curves  r e p r e s e n t  maximum compaSi te  
v a l u e s  of  v i b r a t o r y  s t r e q s ,  t h a t  i s ,  t h e  e x p e r i m e n t a l  p o a n t s  
r e p r e s t n t  t h e  h i g h e s t  s t r e s s  at any cno o f  t h e  grmg  o f  t h e  
s t r a i n - g a g e  3 o s i 3 i o r r c ;  a t  ~ 7 .  ~ ~ i * ~ ~ ~ a ' ~ ~ t i i ~  ; cg-1 arA Q L  ~ 2 7 e  ) : . .s : tJ t :  



The peaks of %be s t r e s s  c u w e s  are l a b e l e d  w i t h  vi- 
b r a t i o n  frequencies i n  tern?s of  y r o p s l l e r  s p e e d  n and 
e n g i n e  speed X f o r  example,  4SN and  413, Oor  s t r e s s  
peaks having Dore t h a n  one component of  frequency, the 
components  a r e  given e i t h e r  i n  o r d e r  of I m p o r t a n c e  or as  
t h e  e s t i m a t e d  p e r c e n t a g e  of t h e  t o t a l  v i b r a t o r y  s tress  
o b t a i n e d  by i n s p e c t i o n  of  the o s c i l l o g r a p h  t r a c e .  

gget , J,; , t r , ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ - ~ ~ ~ ~ ~ ~ ~ ~ ~ , r t i a a  
h o 1 3 o , w _ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The six-bred@ d u a l - r o t a t z n g  
p r o p e l l e r  of  t e s t  i v i b r a t e d  a t  a f r e q u e n c y  o f  6n. vrhSc?h 
3 8  a t t r i b u t e d  t o  blade-Gassage e x e i t n t i o n ;  th i s  f r e q u e n c y  
was checked  by obssrving t h a t  tbe  o s c i l l p g r a p h  traces for 
the  blades of s i t he r  p r o p e l l e r  were i n  p b ~ s s  a n d  that;  t b c  
b l a d e s  of one p r o p s f . l e r  vLbrn tgd  1 8 O o  out  of  phase w i t h  
t h e  b l a d e s  o f  t h e  o t h e r  p r o p o 2 l e r .  Figures $2 t o  19  show 
that t h e  e n g i w  speeds  f o r  v i b r a t i o n s  h a v i n g  a frsqusncg 
of ijn axe  80Q pprn, 850 t o  500 rp? ,  and 1350 rpm f o r  M a d e  
anglss  of about 30°, GO4, and 45 r e s g e c t i v e r y  ( b l a d e  
anglee a x e  for t h e  42- in, rad ius) .  An e x p L e n a t i o n  of  t h e  
vibration occur r ing  s t  different engins spaeda I.$ t h a t  t h e  
n a t u r a l  f requenGy af p r o p e ~ l l e r  v i b r a t i o n  i n c r e a a s s  s l i g h t t y  
with b l a d e  a n g l e ,  ~ $ t h  t h e  r e s u l t  t b a %  h igher  a x c i t a t i o a  
frequencies a r e  needed f o r  t h e  l a r g e r  b l a d e  a n g l e s  k5P.a 
r e s o n a n t  prope; tLcr  v i b r z t i o n  i s  t o  occurr 

The VibxatQpy  s t r e s s e s  f a r  t h e  v i b r a t i o n  having a 
f r e q u e n c y  o f  6n  a r e  h i g h e s t  f o r  b l a d e  a n g l e s  f r o m  40° t o  
45O. I$ i s  e x p e o t e d  that the e x c i t a t i o n  f y o m  'tixade pas- 
sages  would  c o n t i n u e  t o  increase  far blade aagles  g r e a t e r  
t h a n  40° t o  450, Tj ie  p r o b a b i e  reason t h a t  the records do 
no% show t h i s  e f f e c t  i s  t h a t ,  with t h e  L i m i t e d  number o f  
gages and the s h i f t i n g  of naxirnun-stress p o s i t i o n  w i t h  
blade a n g l e ,  the gages  d i d  n o t  r e c o r d  t h e  s t r e p s  a t  the 
maximurnrslress p 0 ~ 2 t ; f ~ n  f o r  all $Lade anglesr 

The a i r s p e e d  a t  which t h e  v i b r a t i o n  of fraquemy 6n 
occurred was about 40 miJ ,es  p e r  hovr ( t a b l e  1x1) and t h e  
v i b r a t o r y  s t r e s s e s  nea r  t h e  b l a d e  t i p s  Tang,@ up t o  26800 
pounds p e r  square i n c h ,  The shank s t r e s s e s  a t  a n  - in@ 
speeO i n  t h e  range of EO0 t o  950 rpm are shown t o  b g  'Low. 

Figures 14 and J,5 show that( f o r  vibrations a t  a f r e-  
quency of  ijri, the v i b r a t o C y  s t r e s s  o f  t h e  f r o n t  p r o p e l l e r  
i s  a-bolnt @qua% t o  that o f  t h e  rea r  ~ r o p e l ; l s r  for b l a d e  
aaglev of abovt  400. Figures 16 and  117 show, however,  t h R t  
on ly  t h e  rear  p r o p e l l a r  v i b r a t e s  a t  a f r e q u e n c y  o f  6n, sug- 
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g e s t i n g  t h a t  no  r e a c t i o n l e s s  v i b r a t i o s  o c c u r r e d  b e c a u s e  
t h e  v i b r a t o c p  hub f o r c e s  d i d  nod c o m p l e t e l y  c a n c e l ,  The 
d i f f e r e n c e  i n  r e s p o n s e  o f  t h e  t w o  p r o p e l l e r s  i s  a t t r i b u t e d  
t o  t h e  c o u p l i n g  o f  t h e  t w o  p r o p e l l e r s  t o  t h e  e n g i n a  w l k b  
d i f f e r e n t  f l e x i b i l i t i e s  b e c a u s e  o f  d i f f e r e n t  shaft s i z e s  
a n d  d i f f e r e n t  p o s i t i o n s  on t h e  s h a f t s .  A n o t h e r  p l a u s i b l e  
e x p l a n a t i o n  f o r  t h e  e x i s t a n c e  of v i b r a t o r y  s t r e s s e s  a t  blade-  
p a s s a g e  f r e q u e n c y  f o r  o n l y  t h e  r e a r  b l a d e s  is t h a t  t h e  wake 
e f f e c t  o f  t h e  f r o n t  blades tspoa t b o  rgar  b l a d e s  is i m p o r t a n t  
a s  w e l l  as t h e  e f f e c t  due t o  t h o  d i s t o r t i o n  of p o t e n t i a l  
f l o w  a b o u t  t h e  b l a d e s  riuriizg islafie p a s s a g e s r .  

The v i b r a t i o n  h a v i n g  B f r e q u e n c y  o f  rJrL was n o t  s e r i o u s  
a n d  t h e  h i g h e r  modes of v i b r a t i o n  a t  t h i s  f r e q u e n c y ,  ex- 
pected. a t  t h e  h i g h e r  e n g i n e  speeds, d i d  n o t  a p p e a r .  S e v e r a l  
e x p l a n a t  i o n s  are g i v e n ,  8 s  f o l l o w s  t 

(1) T h o  e x c i t a t i o n  IS p r o b a b l y  n o t  s t r o n g ,  The b l a d e  
s e c t i o n s  o f  t h e  r ca r  % l a d e s  o p e r a t e d  m o r e  t h s n  1 b l a d e  c h o r d  
b e h i n d  t h e  r e s p e c t i v e  Chords of tLe f r o n t  b l a d e s  a n d  t h e  
cffecO o f  t h e  pressure f i o l i t s  of t h e  s e c t i o n s  o f  one p r o p e l-  
l e r  upon t h o s e  o f  t h e  o t h e r  du.ri_n_g pagsages w a s  t h e r e f o r e  
p r o b a b l y  q u i t e  saail , ,  If t h o  w.ake e f f e c t  i s  c o n s i d e r e d ,  a 
r a a r  b l a d e  g a s s e s  through. t h c  wake o f  a f r o n t  'blade s e v e r a l  
b l a d e  cizorcis b e h i n d  a f r o n t - 3 l a d e  t r a i l i n g  edge  because, i t  
p a s s e s  t h r o u g h  th-e wake sometiin@ a f t e r  b l a d e  p a s s a g e .  

(2) Pataping can  r e s u l t  $ r o , z  a l o o s e  v i % r a t i o n  c o u p l i n g  
be tween  t h e  t w o  p r o p e l l e r s  o f  t h a  eual-ro$$ting u n i t .  The 
c o n n a c t i o u  betweon t h o  t w o  ppropel.lers i s  one o f  P I - e x i b i l i t y  
a n d  c l o a r a a c o s ;  @lie c l e a r a n c e s  a r e  i n  t h e  b e a r i n g s  a n d  t h e  
r e v e r s i n g  g e a r .  Because  t h e  v i b r a t o r y  hub f o r c e s  o f  t h e  
two p r o p e l l e r s  d o  n o t  c o m p l c t o l y  c a n c q l ,  t h e r e  i s  v i b r a t o r y  
m o t i o n  of t h e  p r o p e l l e r  hubs a n d  t h e  c n g i n e  t o r q u e  i s  t h e r e-  
f o r e  n o t  applied a t  a y o i a t  which i s  a node f o r  a r e a c t i o n-  
l o s s  vibration, 

(3) For nodes  of p r o p e l l e r- b i n d o  v i b r a t i o n  h i g h e r  t h a n  
t h e  f i r s t  n o s e ,  t h o  v i b r a t o r y  v e l o c i t y  o f  6 0 n e  p a r t s  o f  t h e  
b l a d e  i s  180' ou t  of p h a s e  w i t h  t h a t  a t  o t h e r  p a r t s  o f  t h e  
b l a d e  (fig. 1) a n d ,  b e c a u s e  a, b l a d e  p a s s a g e  p r o v i d e s  e x c i t -  
a t i o n  a c t i n g  i n  t h e  same sense  ove r  tho e n t i r e  b l a d e  l e n g t h ,  
some p a r t s  o f  th9 b l a d e  a b s o r b  e n e r g y  f r o m  t h o  e x c i t a t i o n  
while t h e  r a i n a i n i n g  parts & i s s i p a t e  eae rgy ,  A g i v e n  e x c i t -  
a t i o n  i s  mgre  c f f o c t i v e ,  however ,  near t h e  b l a d e  t i p  t h a n  
n e a r  tho shank; a l s o ,  t h e  b l ade- passage  e x c i t a t i o n  n e a r  t h e  
t i p  i s  much g r e a t e r  t h a n  noar  t h o  shank  b e c a u s e  t h e  tangen-  
tial v e l o c i t y  i s  g r e a t e r .  The c a , n c e l l a t i o n  e f f e c t  t s  n e v e r-  
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t h e l e s s  a p o s s i b l e  partial ,  e x p l a n a t i ~ n  of why no  r e a c t i o n-  
l e s s  v i b r a t i o n s  w i t h  a f r c q u e n c y  o f  6n o c c u r r e d  a t  h i g h  
e n g i n e  s p e e d s ,  

The f r o n t  p r o p e l l e r  v i b r a t e d  a t  a f r e q u e n c y  o f  2n. 
These v i b r a t i o n s ,  o c c u r r i n g  at a n  e n g i n e  s p e e d  of 1650 r p m  
( f i g s .  1 2 ,  14 ,  a n d  1 6 )  a n d  a t  a i r r ; p e e d s  r a n g i n g  f r o l n  100 
t o  2 0 0  i n i l e s  p e r  h o u r  ( t a b l e  ITI), a r e  a t t r i b u t e d  t o  t h e  
wake p r o v i d e d  b y  t h e  h o r i z o n t a l  c a b l e  msiinted a t  t h r u s t -  
a x i s  l e v e l  l e s s  t h a o  2 f e e t  ahead o f  the d u a l- r o t a t i n g  
u n i t  ( f i g .  3 ) ,  The l e a d s  f r o i n  t h e  p i n e a p p l e ,  which a r e  
f a s t e n e d  along t h 3  c a b l e  ( f i g .  3 ) ,  would s t r e n g t h e n  t h e  
w8ke* A n  a p p r o x i m a t e  c a l c u l a t i o n  shows t h a t ,  a t  150 rni les  
p e r  h o u r ,  a $ inch  c a b l e  hzs one- half t h e  d r a g  o f  t h o  wing 
(Si@;, 5 )  u s e d  t o  s i m u l a t a  t h e  p u s h e r  c o i i d i t i o n  a t  a n  a n g l e  
of a t t a c l c  of 0' .  The wake s u p p l i e d  by t h e  c a b l e  a l o n e  
would t l i e r e f o r e  b e  q u i t e  stron,.: e n d  v ~ o u l P  p r o v i d e  good ex- 
c i t a t i o n  t o  t h e  p r o p e l l o r  b l a d e s ,  which were v e r y  c l o s o  

t h a n  t h e  c a , b l ~  b e c a u s e  i t s  l e a d i n g  cd-ge w a s  a b o u t  6 f e e t  
'behind the d ~ . r s l - r o t a t i n g  u n i t .  S t  i-, i n t e r e s t i n g  t o  note 
t h a t  tfis wake of t l ic  ca"olr-, a f f ' o c t s  t h e  f r o n t  propeller ifiuch 
more  t h a n  i t  affects t h o  y e a r  propeller, 

b e h i n d  t h e  c a b l e .  The wing 0x2 C l  L N ~  n a c e l l e  had l e s s  e f f e c t  

A p r o p e l l e r  v i b r a t i o n  h a v i n g  n f r e q u e n c y  o f  1 n occurs  
a t  an e n g i n e  s p e e d  o f  850 Spin ( f i r ; ,  16). The a i r s p o e d  was 
abou t  2 0 0  a i l e s  PET h o u r  for t h i s  v i b r a t i o n  ( t n b l a  1x1). 
This. v i b r a t i o n  i s  n t t r i b u t c d  t o  t h c  c r x c i t a t i o n  p r o v i d e d  b y  
t h e  wake bohinci t h o  h a l f  o f  thcz h o r i z o n t a l  c a b l e  t o  which 
t h e  leads f r o m  t h e  p i n e a p p l e  were a t t a c h e & .  The wake bo- 
hind t h i s  h a l f  of t h e  h o r i z o n t a l  c a b l e  w o u l d  be s t r o n g e r  
t h a n  t h e  wake p r o v i d e d  3:; t h e  o t h c r  h a l f .  

A p r o m i n e n t  e n g i n e - c x c i t o d  v i b r a t i o n ,  h a v i n g  a fre- 
quency  o f  &$IT, o c c u r r e d  a t  a n  e n g i n e  s p e e d  of 2500 t o  2600 
rpm (figs, 12 t o  15). T h i s  v i b r a t i o n  i s  one e x o i t e d  by t h e  
t o r s i o n a l  o s c i l l s t i o n e  of t h o  p r o p e l l e r  s h a f t  and, p r o b a b S y  
b e c a u s e  t h e  roar  ? r o p e l i c r  i s  m o r s  t i g h t l y  c o ~ ~ p l e d  t o  t h e  
e n g i n e  t h a n  t h e  f r o n t  p r o p e l l e r ,  $lie v i b r s t o r y  s t r e s s e s  a r e  
h i g h e r  i n  t h e  rear p r o p e l l o r ,  Figuzc 15  shows a v i b r a t o r y  
s t r e s s  a t  t h e  b l a d e  t i p  o f  o v o r  *16,000 p ~ u n c " ~ s  pe r  square 
i n c h .  The e n g i n e  s p e e d  f o r  r e s o n a a c e  i s  l o w e r  f o r  t.Le f r o n t  
p r o p e l l e r  p o s s i b l y  b e c a u s e  t h e  f r o n t  p..opellcr i s  c o u p l e d  
t o  t h e  e n g i n e  w i t h  m o r e  9 J . e x i b i l l t y  tlzai, t h e  r e a r  p r o p e l l e r ;  
t h e  S requency  o f  maxiaura r e s p o n s e  o f  a p r o p e l l e r  Cepends upon 
t; he eng ine-pr ope 1 le r c ornb i na t i on . 
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Figure 14 shows that t h e  f r o n t  p r o p e l l e r  v i b r a t e s  
a t  a f requenc2-  of 4=N a t  a n  e n g i n e  s p e e d  of 2500 rpn, 
T h i s  v i b r a t i o n  a p p e a r s  as t h e  r e s u l t  o f  a r e v e r s e  w h i r l  
o f  t h e  p r o p e l l e r  s h a f t  at a f r e q u e n c y  of 3@T, Tho front 
p r o p e l l e r  r o t a t e s  in t h e  same d i r e c t i o n  as t h e  e n g i n e  
s h a f t ,  that  is, o p p o s i t e  t h e  d i r e c t i o n  o f  w h i r l ,  a n d  t h e  
f r e q u e n c y  o f  v i b r a t i o n  of t h e  front 9 r o p e l l e r  is t h o r e -  

1 

-- 

e x c i t e d  v i b r a t i o n s .  1 The v i b r a t o r y  f r e q u e n c y  t h a t  would 
be  e x p e c t e d  fur t h e  r e a r  p r o p e l l e r  is 3*N - -- or 

N 
28/15 

i@ 2=X, 
n e a r  2500 rpm, p r o b a b l y  b e c a u s e  t h e  f r e q u e n c y  "$8 

far d i f f e r e n t  f r o m  
f r e q u e n c y  of p r o p e l l e r  v i b r a t i o n ,  A l s o ,  t h e  w h i r l  of t h e  
r e a r- p r o p e l l e r  shaft may be l o s s  s e r i o u s  t h a n  t h a t  o f  t h o  
f r o n t - p r o p e l l e r  sha f t  b e c a u s e  t h e  r e a r  p r o p o f l e r  is sug- 
p o r t e d  n e a r e r  t h e  f r o n t - ~ r o p ~ ~ l l e r - s h a f t  b e a r i n g .  The rear- 
p r o p e l l e r  s h a f t ,  Snoweater, w h i r l s  a t  a f r e q u e n c y  o f  8N a t  
a n  engine s p e e d  of 2030 rpm and causes t h o  r e a r  b l a d e s  t o  
v f b r a t c  itt a f r e q u e n c y  of ( f i g .  37). 

This f r e q u n n c y  was n o t  f o u n d  a t  a n  e n g i n e  s p e e d  
is 

4 1 %  a n d  is n o t  equa l  t o  a n a t u r a l  
13 

36 

Test 2; tractor condition- % t a r o  t h r o e- b l a d e  H a m i l t o n  
-'------.-(-r------r---.-..r-rc--~--~---------c-.---.1-.r"- 

Standard- a luminum- a l loy  2 r o E e l l e r s . -  The r e s u l t s  o f  t e s t  
2 are p r e s e n t e d  ir ,  f i g u r e s  20 t o  35, F i g u r e s  20 a n d  2 1  
show t h a t  a v i b r a t i o n  h a v i n g  a f r e q u e n c y  of 6n a p p e a r e d  
f o r  a n  e n g i n e  s p e e d  of  1550 t o  1600 r p n ,  Tho v i b r a t o r y  
stresses f o r  t h i s  f r e q u e n c y  a p p e a r  o n l y  f o r  t h e  r e a r  gro- 
p e l l e r  a n d  a r e  o n l y  s l i g h t l y  a b a v e  ?lo00 pound p e r  s q u a r e  

*-I_---------_------I_C_ -- ------ 

i n c h .  

v i b r a t i o n s  h a v i n g  a f r e q u e n c y  of 2x1 a r e  p r e s e n t  f o r  
t h f s  t o s t ;  t h e i r  o r i g i n  i s  e x p l a i n e d  i n  t h e  r e s u l t s  of  
t e s t  1, V i b r a t i o n s  h a v i n g  a frecruency o f  4a,  however ,  
are a l s o  p r e s e n t  ( s e e ,  f o r  example ,  ftgs, 21,  2 3 ,  25 ,  a n d  
2 7 ) ;  t h e s e  - r i b r a t i o n s  p r o b a b l y  are e x c i t e d  by t h e  wake of 
the s u p p o r t i n g  u a b l e  becauee  t h e i r  frequency i s  t h e  s e c o n d  
ha rmonic  o f  2n. I n  d i r e c t  c u n t r a q t  w i t h  t h e  r e s u l t s  of 
t e s t  1, t h e  r e s u l t s  of t e s t  2 show t h a t  t h e  wake of t h e  
c a b l e  a f f e c t s  o n l y  t h e  f e a r  p r o p e l l e r ,  

BngOne-excited v i b r a t i o n s  h a v i n g  f r e q u e n c i e s  o f  4-@T 
and 4&-N for t h e  f r o n t  D r o p e l l e r  arid f r e q u e n c i e s  o f  4*N 



23 

12 
1 3  a n d  2--IT f o r  t h e  rear progef l .er  a r e  prorninent  t h r o u g h o u t  

t e s t  2. The v i b r a t o r y  s t r e s s e s  f o r  t h e s e  f r e q u e n c i e s  in-  
c r e a s e  c o n s i d e r a b l y  w i t h  t h e  e n g i n e  b r a k e  Mean e f f e c t i v e  
p r e s s u r e  ( f i g s ,  20  a n d  21), are g e n e r a l l y  h i g h e r  for t h e  
rear p r o p e l l e r ,  a n d  sornetirnes r e a c h  h i g h  v a l u e s  ( f i g s .  2 0 ,  
21, 2 6 ,  a n d  27) .  The v i b r a t i o n s  h a v i n g  a f r eq ,uencg  of 4627 
were z o r e  p rominen t  t h a n  v i b r a t i o n s  o f  f r e q u e n c i e s  

b r a t o r y  s t r e s s  o f  t h e  f r o n t  b l a d e s  w i t h  t h e  2 g u  
o f  v i b r a t o r y  s t r e s s  of t h e  r e a r  b l a d e s  ca l lno t  b e  inade, be- 
ca,use t h e  4$!T component a p p e a r s  w i t h  b o t h .  

4&lT 

component 
a n d  2e%J. A g o o d  conparison of t h e  4+!T 1 component of v i-  

1 3  

V i b r a t o r y  f r e q u e n c i e s  c o r r e s p o n d i n g  t o  f o r w a f d  i n e r t i a  
w h i r l  were p r e s e n t  f o r  t e s t  2 (figs. 2 1 ,  2 3 ,  25 ,  a n d  2 7 ) *  
The v i b r a t o r y  f r e q u e n c y  i s  l$$IT f o r  t h e  f r o n t  p r o p e l l e r  a n d  
2--N f o r  t h e  r e a r  p r o p e l l - e r ,  S t ~ e s s e s  a t  t h e s e  f r e q u e n c i e s  
w8re  d e t e c t e d  o n l y  a t  t h e  shanks  o f  t h e  b l a d e s ,  

15 
2 6  

rn g e n e r a l ,  t h o  h i g h e s t  v i 2 r r a t i o n s  f o r  t e s t  2 occur  
f o r  b l a d e  a n g l e s  f r o m  30"  t o  35' ( f i z x ,  23 t o  2 7 ) ,  A s  
exp la ined l  f o r  t e s t  I., t h e  co:zparisQns o f  v i b r a t o r y  s t r e s s e s  
f o r  v s r i o u s  b1ad.e s n g l . s s  2.0 i l o t  t r u l y  s h o w  t h e  e f f e c t  o f  
b l a .de  a n g l e  u y o n  t h e  s t r e s s  a t  t h e  waximurncstress p o s i t i o n s  
b e c a u s e  t h e  maximum- stress :>osi l ; ions  a r e  d i f f e r e n t  f o r  d i f-  
f e r e n t  b l a d e  a n g l e s .  

The results of t e s t  3 ( f i g s ,  28  t o  35) a r e  e s s e n t i a l l y  
t h e  same a s  t h o s e  o f  t e s t  2 ,  e x c e p t  t h a t  t h e  v i b r a t i o n s  
occu r  a t  d i f f e r e n t  e n g i n e  s p e e d s  b e c a u s e  t h e  b l a d e s  a r e  of 
d i f f e r e a t  d e s i g n  a n d  t h e r e f o r e  lir,vc d i f f e r e n t  n a t u r a l  f r e-  
q u e n c i e s  e The wake of  t h e  suupor  t ing c a b l e ,  however c a u s e d  
v i b r a t i o n s  a t  f r e q u e n c i e s  of 1 n ,  2n, and. 4n  f o r  b o t h  t h e  
f r o x t  ag& t h e  r e a r  p r o p e l l e r s ,  

T e s t  ------~--------------------------------------------- 4. t r a c t o r  coi id- i t io i is ;  t w o  f our-blaLie C u r t i s s  
h o l  --y- 1 --..------- ow s t e e 1. 'kLT_=g&LF-r gp- The b l ade- passage  f r e q u e n c y  o f  
v i b r ~ t i o n  f o r  t e s t  4 T f i g s .  3 6  t o  3$) i s  S a ,  iaasmuch as  
t h e  dua l -Yo ta t ing  u n i t  c o p s i s t c  o f  t w o  f o u r- b l a d e  p r o p e l l e r s  
t h a t  r o t a t e  ia o p p o s i t e  d i r e c t i o n s ,  S i n c e  s u c h  a f r e q u e n c y  
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was found f o r  the raar b l a d e s  as shown by  figure. 39, i t  i s  
suggested tihat a s e e o n d  mode of f l a t w i s c  vibraCion waa ex- 
cited by blade p a s s a g e s .  For t h e  siagle case of t e s t  4, 
t h e  8n component i s  only about 30  p e r c e n t  o f  t h e  t o t a l  V i *  
bratory s t r e s s  o f  et6000 pounds pe r  square # i n c h ,  

A g a i n ,  t h e  v i b r a t i o n  h a v i n g  a f r e q u e n c y  of 2n was found 
only f o r  %he f r o n t  blades (fig, 361, 

E n g i n e- e x c i t e d  vibrations a y p e a r e g  a n d  t h e  e n g i g e  speeds 
for r e s o n a n c e  were lower f o r  t h e  frolci t  p r o p e l l e r  ( P i g s ,  38 
a n d  3 9 ) *  F i g u r e s  36 t.0 38 show that, when 1ongitudinalLy 
mounted gages  r e c o r d e d  v :b ra t i oa s  having a f r e q u e n c y  09 45ge5, 
t h e  t r a n s v e r s e l y  aoixnted g ~ t g o s  02 thc hollow s t e e l  l2TQpelZer 
r eCQrded  diaplnragin v4brations having & f r e q u e n c y  o f  98, The 
f l e x u r a l  vibration o f  the bla l tc  p r o b a b l y  possessed 8 CQapQ- 
n e a t  hav ing  a frequercy o f  $8’ a s  w e l l  a s  one having a f r e -  
q?lency 0%’ 48N. The frequei:cy o f  9% probably w a s  near t he  
na tu ra l  f r e q u e n c y  o f  a d i n p h r a g x  * r i b r a t i o n ,  The Yln$ura% 
f r equency .  of a dia-ghrzgn vibration i s  e x p e c t e d  t o  bo  high$ 
because t h e  t r a n s v e r s e  d i n e n s i o n  o f  t h e  blacle ,  t h a t  S s ,  t h e  
b l a d e  c h o r d ,  i s  r o 1 a t i v a l : r  smal l*  

Xn g o n e r a l ,  t h o  r e s c 3 t s  of t e s t  4 v e r i f y  t h e  r e s d L t s  
of t h e  first thhrec t e r ; t s .  

A v i b r a t b o p  of t h e  front p r o p e l l e r  at a f requency of 
3x1 w a s  f o u n d  3nce a t  aa engine s p e e d  o f  1950 rpn  (fig. 44); 
t h i s  v i b r a t i o n  cai i  be  attributed t a  t h e  p re senco  of t h e  
wing, I t  i s  n o t e d  t h a t  n o  vibration h a v i n g  a fpequencry o f  
2n was p r e s e a % *  T h i s  f a c t  i m p l i e s  t h a t  t h e  p r e s e n c e  9 f  t h e  
wing r e d u o e d  t b e  excitatioe p r o b i d e 8  by $ f i e  :sake o f  t h e  sup- 
p o r t i n g  c a b l e ,  This condition does  not seem l i k e l y ,  however,  
b e c a u s e  the w i n g  was d i s p l a c e d  5 0  p e r b e n t  o f  t h e  p r o p e l l e r  
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r a d i u s  f r o m  t h r u s t- a x i s  l e v e l  a n d  t h e  h o r i z o n t a l  c a b l e  was 
r e l a t i v e l y  c l o s e  t o  t h e  d u a l- r o t a t i n g  p r o p e l l e r ,  

The same e n g i n e- e x c i t e d  v i b r a t i o n s  a y p e a r e d  f o r  t e s t  
5 as f o r  t h e  f i r s t  f o u r  t e s t s ;  t h e  v i b r a t o r y  s t r e s s e s  o f  
f r e q u e n c y  4$N were somewhat l a r g e r  f o r  t h e  r e a r  blade,s .  
The e n g i n e  speeds  f o r  t h e  r e s o n a n c e  a t  t h e  f r e q u e n c y  4*8 
wer e  a g a k n  lower f o r  t h e  front p r o p e l l e r ,  

& ~ - , ~ L ~ ~ ~ ~ ~ ~ , ~ ~ ~  T n s t  6 .  s i i n u l a t e d  z u s h e r  ---..--....------- c o n d i t i o n ;  tva,fou~?-~&& 
---- h o b l o w  --_- s t e e l  -----.-i.-- s r o ~ s l l e r s , -  ----- -- lJ30 - r i b r a t i o n s  h a v i r g  t h e  bla8e-  
passage f r e q u e n c y  of 8n were de tec ted .  f o r  t e s t  6 ( f i g s .  46 
t o  49), F - l s o ,  no i n p o r t a n t  v i l b r a t i o n s  o c c u r r e d  which  can  
be  a t t r i b z * t e d  t o  t h e  pz'ei;eLce of t h e  wing. A v i b r a t i o n  of 
frequency 2 n ,  which Pas b e e n  a t t r \ i " a u t e d  t o  t h e  wake of t h e  
h o r g z o n t a l  c a b l e ,  vas no t  fours?+,  

E n g i n e- e x c i t e d  v i b r n t i o n s  o c c u r r e d  as fo r  t h e  first 
f i v e  t e s t s ;  t h e  49LJ component o f  v i b r a t o i - y  s t r e s s  w a s  
g r e a t e r  f o r  the r e a r  F r o - o e l l e r .  The e n g i n e  Gpeeds € o r  t h e  
impor tant ;  v i b r a t i o r r  of 4317 weyo lower f o r  t h e  f r o n t  pro-  
p e l l e r  3 2 7  f r o m  5 0  t o  ii.00 rpm. 

-----ALI-,----,--,.- T e s t  7. sir,~v.lated p s h e j :  ,,-,----.-,---,-1,--------------- c o n d i t i o n .  oize t h r e e- b l a d e  
---I------------------------------------- a n d  o l io  fcur--blaCe C u r t i s s  l a o l l o w  s t e e l  n r o p e l l e r  ----*- F o r  
t e s t  7 ,  t h o  b l a d e- p a s s a g e  f r e q u e n c i e s  a r e  8n a n d  6n f m  
t h o  f ro lz :  p r o p e l l e r  t?,n.ci f o r  t h o  rear p r o - g e l l e r ,  r e s p e w :  
t i v e l y ,  V i b r a t  icns G t t h e s e  f r e q u e n c i e s  a p p e a r e d  f o r  t h e  
r e s p e c t i v e  p r o 2 e l l e l - s  ( f i g s ,  5 0  and 51). The TIexuTaL 
v i b r a t i o n s  a t  t h e s e  f r e q u e a c i e s  were n o t  s e r i o c s ,  D ia- 
p h r a g n  stresses o f  f r equency  En were as h t g h ,  however, 
a s  fL4,0130 poiznc's p e r  square i n c h  f o r  t h e  f r o n t  b l a d e s  
( f i g ,  bo), InnsLmch as diaphragm s t r e s s - s  o f  t h e  same 
freyv-enc,T o c c d r r e d  c 2 t  a b o u t  t h e  same engfne  s p e e d  f o r  t h e  
r e a r  blades ( f T g h  Sl), it i s  e x p e c t e d  that nuch of t h e  e x 1  
c i t a t i o n  ior v i b r a t i o n  o f  t h 3  f r o n t  S l a d o s  s*t a f r e q u e n c y  
o f  8n was c a u s e d  5y t h e  p r e s e n c e  o f  t h e  wing.  

The e n g i n e- e x c i t e d  v i b r a t o r y  s t r e s s e s  were q u i t e  h igh .  
T h o  f r e q u o n c a  4627 a p p e a r s  b e c a u s e  o f  t o r s i o a a l  o s c i l l a 5 i o n  
of t h e  p r o p e l l e r  shaft; t h e  S r e y u e n c g  c c c u r s  because  
of t4.e y e v e r s e  p r o p e l l e r - s h a f t  uhir3.  a t  a f r e q u e n c y  Of 

3 + ~ ;  t h e  Ereque2cy o f  4 - 4  o c c u r s  b e c a u s e  o f  t h e  fo rward  

p r  o p e l l e r - s h a f  t wliir 1 at a f r  eqnency o f  5 + ~ ; ,  

.l 
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quency  f o r  t e s t  8 ( f i g s .  52 t o  55) i s  8 3  f o r  b o t h  pro-  
p e l l e r s .  ' V i b r a t i o n s  o f  t h e  f r o n t  p r o p e l l e r  a t  a f r e-  
quency  o f  8n v e r e  d e t e c t e d  ( f i g s ,  52 a n d  54). Vibra-  
t i o n s  o f  t h e  rear  p r o p e l l e r  a t  t h i s  f reque incy  may also 
have  o c c u r r e d ;  few r e c o r d s  t a k e n  f o r  an e n g i n e  s p e e d  
f r o m  1100 t o  1200 rpm were a n a l y z e d  f o r  f r e q u e n c y  be- 
c a u s e  t h e  v i b r a t o r y  s t r e s s e s  were l o w .  I t  i s  q u i t e  pOS-  
s i b l e  t h a t  t h e  v i b r a t i o n  of f r e q u e n c y  83 c o u l d  be c a u s e d  
by  t h e  p r e s e n c e  of t h e  wiilg as  w e l l  as  b y  b l a d e  p a s s a g e s ,  

F o r  this s imula t ed- pushe r  t e s t ,  a v i b r a t i o n  of t h e  
f r o n t  p r o p e l l e r  a t  a f r e q u e n c y  o f  2n was f o u n d  ( f i g ,  5 2 ) -  
T h i s  v i b r a t i o n  i s  a t t r i b u t e d  t o  %Le wake p r o v i d e d  by t h e  
h o r i z o n t a l  c a b l e  inountad  anead of  t h e  d u a l- r o t a t i n g  u n i t ,  
F o r  t h i s  pusher t e s t ,  however ,  i t  i s  also f e a s i b l e  t h a t  
t h e  e x c i t a t i o n  :vas p r o v i d e d  b y  t h e  wing. 

Eng ine- exc i t ed  v i b r a t i o n s  were p r e s e n t  f o r  t e s t  8 as  
f o r  t e s t s  L t o  7 .  

The r e s u l t s  of v i b r a t i o n  t e s t s  f o r  t r a c t o r  and s i n u -  
l a t c d  p u s h e r  C o n d i t i o n s  o f  s i x - ,  seven- , a n d  eight-- 'blade 
d u a l- r o t a t i n g  u n i t s  coriigossdl o f  p r o p e l l e r s  wi th  t h r e e  o r  
f o u r  b l a d e s  and  o p e r a t i n g  i n  a c o n s t r i c t e d  a i r  s t r e a n  o f  
36-f o o t  d i a m e t e r  i n d i c a t e  t h e  f o l l o w i n g  c o n c l u s i o n s :  

1, Tew p r o p e l l e r  v i b r a t i o n s  c a u s e 6  by  b l a d e  p a s s a g e s  
were d e t e c t e d ;  t h o s e  v i b r a t i o n s  f o u n d  were n o t  S e r i O U s  Tor 
e i t h e r  t h e  t r a c t o r  o r  t h e  s i i n u l a t e d  p u s h e r  c o n d i t i o n s  of 
t h e  dual- r o t a  t i n g  p r  o p e l l e r  s , 

2, d l t b o u g h  t h e r e  v e r o  i n d i c a t i o n s  o f  v i b r a t i o n s  EX- 
c i t e d  53- t h e  wing d i s p l a c e d  5 0  p e r c e n t  o f  t h e  p r o g e l l e r  
r a d i u s  belot9r t h r u s  t - t ax i s  l e v e l ,  t h e  v i b r a t o r y  s t r e s s e s  
g e n e r a l l y  were a t  s a t i s f a c t o r i l y  l o w  l e v e l s .  

3. The r o s p o i i s o s  of t h e  f r o n t  a n d  t h e  rear b l a d e s  t o  
e n g i n e  e x c i t a t i o n  t i e re  sinilarj t h e  s t r e s s e s  o f  t h e  rear 
b l a d e s  were g e n e r a l l y  f i l g b e r ,  p r o b a S l g  b e o a u s e  t h e  rear  
p r o p e l l e r  vas more r i g i d l y  g o u p l e d  t o  $he  e n g i a e  tba i l  t h e  
f r  on t  p r o p e l l e r  . 

1 
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"j 4, Some i n d i c a t P c m a  o f  v i b r a t i o n s  e x c i t e 4  bg 
p r o p e l l c r - s h a f t  w h i r l  c a u s e d  by gas f o r c e s  V J ~ T E I  f ound ,  

5. T h e  e n g i n e- e x c i t e d  s t r e s s e s  i n c r e a s e d  with engir,e 
'orake mean e f f e c t i v e  p r e s s u r a ,  an& somi3 o f  t h e s e  s t r e s s e s  
r e a c h e d  h i g h  v a l u e s .  

Langley  Memorial  A e r o n a u t i c a &  L a b o r a t o r y ,  
National A d v i s Q r y  Cormi t t ee  %os A e r o n a u t i c s ,  

3;angley F i e l d ,  Va, 

2. S h a i m o n ,  J, Tii., a n d  J'orshaw, J. R , ;  A i r s c r e w  B l a d e  
T i b r a t f  on: Xatuse an6 S e y e r i b y  or" * r i b r a t i o n  a t  
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Due t o  B l a d o  T w i s t ,  B o p ,  No ,  5.38439 B r l " , E h  '!4,R,F,, 
May 1941, 

4, M i l l e r ,  t iason F , :  Wind-Tugnel V i b r a t i o n  X'ests o f  a 
F o u-r 4 3  IB de S i n g 1 e-Si o t a t i n g Ppus he r Pr o 13 e 1 1 er  VA CA 
L L R ?  : @ >  72'24, 1347, 
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T A J L E  SI,- STRAII!-GAGE ZOCATPXONS 

-- '. _ccI c- rkn.. 

L o c a t i o n  on blade Blade  
r 

-~~~ S i d e  1 T i p  
(in, f r o m  t i p )  (deg f r o m  L,E, a t  

42- in. s t a t i o n )  

T e s t  1; t r a c t o r  c o n d i t i o n ;  t w o  t .bree-blade Cur t i s s  h o l l o w  
s t e e l  p r  ope l l e r  s 

T e s t  2 ;  t r a c t o r  c o n d i t i o n ;  t w o  t h r e e - b l a & e  Hamil ton 
S t a n d a r d  a luminun-a l loy  p r o p e l l e r s  



Location on b l a d e  
I 1 

Test 3 ;  t r a c t o r  c o n d i t i o n :  t w o  t h r e e- b l a d e  H a m i l t o n  
S t 3 n d8.r cl a lumi num-a 1.1 o g  2r o p e 3.1 e T s 

t------- I 5 5  

I 9 

16 
125 

I 34 

T e s t  4; t r a c t o r  c o n d i t i o n ;  t w o  f 
s t e e l  p r o p e l l e r s  

7---- 

)ur--blade Cur t i s s  b o l l o w  

F r o n t  1 , 2 , 3 , 4  1,2,3,4 

3 
, F r o n t  1,2,3,4 1 , 2 , 3 , 1  
Fron t  2,3 
Bear 2 9 3  1 

3 1 
Bear  ---- 
P r o n t  2 

1 

I 
---- 

-.-.l-c-r 

..-IC_ 



L o c z t i o n  o n  blade -- ----- 
Shank 
f r o m  & , E ,  at I 42-in, s t a t i o  

' J e s t  6 :  s i c u l a f e d  pusher  conditius; t w o  l o u r- b l a d e  Cnstiss 
h o l % o w  s t e e l  p r o g e l l e r g  

12 
20 
40 

"12 

Test '7; s i r r a l a t e d  p t i sher  c o n , d i t $ o i i ;  on6 t h r e e- b l a d e  and. I 
I one  f o u r- b l a d e  Ci i r t i ss  h o l l o w  s t e e l  p r o p e l l e r  

1 h o l l o w  s t e e l  p r o p e l l e r s  
.- I* 

12 
3 0  
40 

" 3 0  
it 12 i 1 

1 



3s T TTI. -  T CO 

L 

P 1 
100 

Propellor load 
100 

2QO 

p1.o lo 

150 

1905 t o  2550 
2300 to 2700 
2550 t o  2700 

o O to to =ao 23 o 
o to 2500 
5 to 2600 
0 t o  3.400 

1850 to 1900 

1210 t o  n9oo 
700 t o  ~ 1 5 5  

1100 t o  l420 

-illlh . 
103 to 202 
1 i t o  189 & to. 182 

3 t o  12 
10 l 5  t o  27 

269 111 to t o  2io 2 1 
32 94 

23 =2 t o  to 2@ 2 

a5 t o  267 

1x4 t o  266 
a 5 to 90 

k5 t o  271 

2; traetor oondftim; two three-blade HamPlton Standard aluminum- 
Uloy propellera 

100 
1%- I6d 
100 
tfio 
200 

pro$slbP loud 
100 

Plrog.llrr lord. 
100 
130 
200 

Propeller load 
100 
150 

Propeller load 

2 % 

2 00 t o  2700 

1700 t o  2700 
405 t o  2700 

0 t o  2 
0 t o  2 
0 t o  1 

1 50 t o  2 
1955 t o  2700 
1150 t o  4 0 0  

y5 t o  2 

&o t o  1200 
400 to 1 00 
1000 t o  1160 - 

105 t o  153 
6 to 124 

i o  t to 252 
12 to 226 

73 t o  105 
101 to  259 
14 t o  275 
1 7 t o  27 

95 t o  269 
105 t o  280 

239 t o  267 
222 t b  274 

86 to 103 

1d t o  210 

3 $2 t o  9 

74 t o  to 12 '2 

25.0 I 
% b o  

40.0 

6 

Tart 5; traetor condition; kro thrw-blade Plamllton Standard aluminum- 
rlloy propollera 

20.Q 1.00 
150 
200 

Propeller 1- 
100 
150 
200 

Propeller IS@d 
100 

SQQ 
Propeller 3.0 

100 
ly2 

1870 t o  2695 
2255 t o  2700 
2490 t o  2 00 

17 o t o  2700 

1200 to 1930 
1300 to 2~50 
1500 t o  2120 
1000 to 1240 
ioio to 1690 
la20 t o  1750 

io00 t o  2 a 50 

20 a o t o  2700 

1500 t o  2695 

2 0 0  t o  2000 



2a,4 I 2s*9 100 I 98 to 105 

142 t o  152 
116 to 155 

49 to 97 
' h a t  5; 82mul8ted pusher oondition; one three-blade and one four- 

blade Curt188 hollol rte.1 propeller 

Propeller load 

Teat 7; slmulatsd pushor oondition; one three-bled9 and one Pow- 

T68t 8;  rlaulakb piuhsr condition; WO fOW-bfade C ~ t l 8 s  hollow 
st001  vQpd,l8P6 

E _m - I I 

22.1 21.6 

34.8 I 35.0 

110 to 176 
137 t o  157 146 
32 t o  i i u  



NACA Fig. 1 

I F f r Q t  mode 

.-- 

I 
t 

1 
I Second mode 

Figure 1,- Vod.c! shapzs of YTibrating blade, 



IACA F i g s .  2,6 

Q 900 800 f 2 0 0  f 6 0 0  2000 i*900 2800 3200 

Engine speed, rprn 
f i g w e  2 - Engine-speed pmdictions f o r  reacSiwdess vibrat ions of two 

3-blade Hami'lton Standard propellers for test 2. 

% 
\ !? 
L 

A tten ua tors  
I '  

9 
v 

Strain-gage slip ping5 Baluncln res  i stor resistors 

figure 6.- The sfraln -gage c i r c u i f  €=45 vo l fs  ( approx ) ;  
R,= RG = 25,000 ohms (cvpproxd 

J 



NACA Figs, 3,4 

Figure 3. - Engine-propeller -nacelle combination mounted in 16-foot 
high-speed tunnel. 

Figure 4.- Inverted wing mounted ahead of eight-blade dual-rotating 
propeller . 

1 



NACA 

14 11’ 

F i g .  S 

I I 

-xront propeller 4 

I -  - 

I I 

Top view 

Figure 5.- Loca&ion OZ invortsd ving for pusher-propellar tests. 
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Figs. 7,11 
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Figure 8.- Gages and wiring on a propeller blade. 

Figure 10.- Inside view of a flight ring. 
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400 800 / z  00 1600 2000 E900 CBCO 

Engine sped,  rpm 
F~yweia.-MaKimum composite curves of vibrufory sfress f o r  f i t  I - 

Tmcmr; 6 blades; f ront  propeller; h l / o w  sfeel B = 29.8" 

Figure Id. -Maximum ;omposh curves 06 vibrutwy stress for  test I. 
T r d o r ;  6 blades, pear propel/er;. h d h w  steel ; B =29.4'. 

a 



Engine speed, rpm 
F1gut-e /4.-Maximum composite curves of vibratory stress fo r  f .  

T r d o r ;  6 blades, front  propeller, hollow sfeel, /3 =3$. 7' 

Engine speed, rprn 
Figure I5-Maximum composite curves o f  vibratory stress for  yesf I. 

Tractor; 6 blades; rear propefler,holfow steel , @=38.7' 



Lige. 16,17 

400 eo0 le00 1600 2000 

Engine speed, rprn 
f /gure /7.-Maximum composite curves o f  vibramry stress f o r  fed I. 

Tmc i~ r ;  6 blades;rearpropeIler, hollow stecl; e =44.2". 



400 800 /a00 1600 PO00 2400 2600 

Engin e speed, rpm 
figure /8.-Maximum composite curves of vibmtory stress fbr +est 1 .  

Tractor; 6 bid; fbnfprqptlterl hftow steel; @= 56.9'. 



IACA Fig8  20,21 
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BIOI bp. 22,23 
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Figs. 24,2q. 
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Pigs. 32,.33 
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BPCA Pige. 34,35 
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I!iSA rigs. 36,37 

Y 400 8 00 12 Ob 1600 ri?ooo ZQOO 2800 
Engine speeci,rpm . 

Figure 36-Maximum composite curves of vibratory stress fbr test4 
Tractor; 8 b h k s ;  +ant propeller, hollow steel; = 26.4’ 

a00 2400 e00 8 0 0  /z 00 /6 00 2000 

Engine speed, rpm 
figure 37.-Maximum composite curves o f  vibmfory sfress for f e s f 4 .  

Tractoq 8 blades; rearpropeller, hollow steel, ,B’25;3°. 
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NACA pigs. 30,39 

400 800 / P O 0  I600 PO00 2400 2800 

Engine 3 p d )  rprn 
Figure 38.-Maximum composite curves of vibratory stress f o r  t e s t  4. 

Trac for;. 8 Modes, front propeller, btbH steel, 8~38.7~ - 

eo0 sob /ZOO 1600 2000 z4m 2830 

Engine speed, rprn 
Figure 3@.-Maximurn composite curves o f  vibra fory stress for  tesf 4. 

Tmcfor; 8 blades, mr  propeller, hollow sfeel, 49-37.9'. 



' 1 7  
Figs. 40,41 NACA 

2.900 400 800 1200 1600 2000 

Engine speed, rpm 
Fiyure 40.--Muximum composite curves of vibratory stress f o r  tesf 5. 

Pusher; 7 blades, fmnt propeller, 3-blade hotlow stet, @=Z9.S0 

Qoo 800 I 2 0 0  1600 Zoa, 2400 

Engine speed, rprn 
Figure AI. -Maximum composite curves of vibratory stress fbr t e s t  5. 

Pusher; 7bbdes, rear propetler, 4-bkro'eho/ low~l~ 8~26. I" 
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NACA Pigs. &2,43 

400 BGG /PO0 I400 coo0 2=wo e800 
Engine speed, rpm 

Figure 42 -Maximurn composite curves of vibrafory stress fbr tesfs  
Pusher; 7bludes f root propeller, 3-blade hoh'ow stet/, 6=39.9* 

400 800 1200 /GOO 20 00 2400 2800 

Engine speed, rpm 
Figure 43.-Maxrmurn composite curves of vibrafory stpess f i r  +e5f5* 

Pusher; 7 blades; reur propel/er,4-bk;rde bolrbw 5Teel; B=3Z0? 



rl 900 800 IC00 /bo0 Eo00 2#00 sea, v 

Engine speed, r p m  
Figure 4+Maximum composite curves of vibratory stress fir test  5. 

Pusher; 7 bludes; h n t  pmpdler, 3-bk18+ hdkrvsEnrl; (3=453'i 

Flexural tiD Stress 
Diaphra me tip sfress 
Flexura shank sfreqs 3 I 

400 mo le00 

Engtne speed, rpm 
Fipure 45-Maximum cornpasifts curves o f  vibratory stress for  Sesf.5. 

Pusher; 7 blades, rear propeller, +blade hollow ateel; @ e g o  
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NACA a g e .  46,47 

400 em I t 0 0  I 6 0 0  2000 2400 r800 

Engine speed, rpm 
Figure 46.-Maximurn composite curves o f  vi brahry sfress fbr test 6. 

Pusher; 8 blades: f h n t  propeller, hollow steel; @=26.6’. 

400 80 0 /ZOO 16 00 2 000 eeoO 2 8  00 

Engine speed, rpm 
Figure 47-Maxirrum composite curves of vibrafory stress fbr test6. 

Pusher; 8 blades; mar propel/er, ho/low &eelJ =26.3? 



400 800 12 00 /600 2000 -00 2800 

Engine speed> rpm 
Figure W.-lrhkrximum composite curves of vibrufory strpss for test6 

Pusher; 8 blades; front propeller, bllowsieel; @=38.0°, 

960 800 12 00 /600 z000 2400 2800 
Engine speed, r p w  

figure 4 9  .-Maxi mum composife curves o f  vibratory stress f o r  fest 6. 
Pusherj 8 blades; rear propeller, hollow steel, @=375O 
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NACA P i g s .  50,51 

400 800 1200 1600 2ooo 2400 zsoo 
Engine speed, rpm 

figure Sa-Maximum composite curves of vibratory sfress f o r  fast 7. 
Pusher; 7kIades; Front propeller, 3-blade holkw steuQ 8-362: 

+ Flexural t lp sfress 
* Diaphragm tip S ~ S S  
0 Flexural .Shank sfress 

400 Boo tzw /eo0 m 2400 2800 

Engine speed, r p m  
figure 5l. -Maximum composite curves of vibraiory stress for fesfZ 

Pusher; 7 bjades; rear propeljer, +-blade hollowsfirl; @35Q9 



NACA Figs 58,53 

3 
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I 

E 

400 800 l P 0 0  I 6 0 0  ZOO0 2400 C 8 W  

Eng ine  speed, r p m  
Figure 52 -Max)mum composife curves of vibratory stress for test8. 

Pusher, 8 blades; f r o n t  propeller, hollow steel , @=ZZ. 1 

400 600 1 2 x 3  /600 2000 2400 2800 

Engine speed rprn 
Figure 53. -Muximum composite curves of v tb ru to ry  sfress for  +est& 

Pusher;' 8 blades; rear  propelle? ho//ow sieel, @=,?I. 6" 



NACA Pigs. 54.55 

, 

$00 800 Ita0 16M, - ewe Be00 
Engine speed, rpm 

Figure .15;S;-hfhxirnum cornposi+e curves of vibratory stress for f&S. 
Pusher; 0 blades; reat- propeller, hollow steel; g=3.50° 
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